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This collection presents papers on the physics of cosmic rays and 

elementary particles, written by the Department of Experimental Nuclear 

Physics of the Moscow Engineering Physics Institute. 

the collection deals with descriptions of experimental work on cosmic rays 

and in the use of an accelerator. A number of the articles are devoted to 

theoretical questions and experiment methodology. As in preceding issues 

(Fizika elementarnykh chastits [Physics of Elementary Particles], Moscow, 

Atom Press, 1966; Elementarnyye - . - __ chastitsy ._ - - i kosmicheskiye luchi [Elementary 

Particles and Cosmic Rays], Hoscow, Atom Press, 1967), a good deal of space 

is given to articles that are reviews, or semi-reviews, in nature. 

The greater part of 

The collection reviews questions concerned with the investigatjon 

of h-mesons, electrons, photons, with the search for quarks and fireballs 

in cosmic rays, as well as with the study of the interactions of elementary 

particles in accelerators, topics of great interest that will undoubtedly 

prove useful to scientific workers, graduate students, and to students 

concerned with the physics of elementary particles and cosmic rays. 
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MEASUREMENT OF ELECTRON FLUXES AND GAMMA RAYS OF ENERGY 
GREATER THAN 100 MEV AT VARIOUS HEIGHTS IN THE ATMOSPHERE 

v. A. Bezus, A. M. Gal lper ,  N. L. Grigorov, v. v. h i t r e n k o ,  
L. F. Kakinkin, V. G. Kirillov-Ugryumov, B. I. Luchkov, 

A. S. Melioranskiy,  Yu. V. Ozerov, I. L. Rozental ' ,  
I. A. Savenko, E. M. Shermanzon 

ABSTRACT. An experiment conducted i n  1967-1968, using ba l loons  
t o  measure t h e  i n t e n s i t i e s  and energy s p e c t r a  o f  e l e c t r o n s  and 
gamma r a y s  o f  a d i r e c t  v e r t i c a l  flow, and t h e  e l e c t r o n s  of a 
r e t u r n  (albedo)  flow i s  described. 

Study of  t h e  electron-photon components of  cosmic r a y s  a t  var ious  h e i g h t s  

The major i ty  of 
L3* 

i n  t h e  atmosphere h a s  been i n  progress  f o r  many yea r s  [l-141. 
recent  i n v e s t i g a t i o n s  wi th  ha l loons  t h a t  have reached h e i g h t s  of from 30 t o  40 

L 
km ( r e s idua l  p re s su re  about 10 g/cm w e r e  f o r  purposes of determining flows o f  

primary cosmic e l e c t r o n s  and gamma rays.  Natura l ly ,  t h e  secondary e l ec t ron -  

photon component generated by t h e  cosmic r a y s  i n  t h e  upper l a y e r s  of t h e  atmo- 

sphere c o n t r i b u t e s t o t h e  flow inves t iga ted .  The effect [15, 161 of t h e  nuc lea r  

component w a s  eva lua ted  i n  o r d e r  t o  sepa ra t e  t h e  primary component. Moreover, 

it has  been demonstrated [9, 12,  171 t h a t  e l e c t r o n s  re turned  t o  t h e  atmosphere 

by t h e  magnetic f i e l d  ( the  so-ca l led  clouble albedo e l e c t r o n s )  m a k e  a d e f i n i t e  

con t r ibu t ion  t o  t h e  flow of e l e c t r o n s  i n  t h e  atmosphere. The i n t e n s i t y  of t h i s  

r e t u r n  depends on t h e  condi t ion  of t h e  e a r t h ' s  magnetosphere and d i f f e r s  i n  

d i f f e r e n t  geomagnetic l a t i t u d e s .  Bremsstrahlung from t h e  double albedo e l e c t r o n s  

a l s o  causes  an add i t iona l  f low of gamma r a d i a t i o n  a t  high a l t i t u d e s  [lo]. 

A r t i f i c i a l  e a r t h  s a t e l l i t e s  have been used r ecen t ly  t o  measure t h e  f lows 

of  e l e c t r o n s  and g a m m a  r a y s  beyond t h e  l i m i t s  of t h e  atmosphere [18-201. 

S p e c i f i c a l l y ,  t h e  f l i g h t s  o f  Proton-1 and Proton-2 a t  a he ight  o f  about 500 km 

recorded a d e f i n i t e  flow of  e l e c t r o n s  of g r e a t e r  than  300 MeV [ZO]. 

ments made by t h e  s a t e l l i t e s  make f o r  a much b e t t e r  understanding of t h e  process  

involved i n  t h e  occurrence and change t h a t  t a k e s  p l ace  i n  t h e  flows of  e l e c t r o n s  

The measure- 

- - 
~ - - - . __ 

*Numbers i n  t h e  r i g h t  margin i n d i c a t e  paginat ion i n  t h e  fore ign  tex t .  
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and gama  rays  recorded i n  t h e  atmosphere. 

i n  t h i s  f i e l d ,  far  from al l  t h e  d e t a i l s  o f  how these  flows o f  e l ec t rons  and 

gamma rays  o f  energies  o f  t h e  o rde r  o f  100 MeV pass  through t h e  atmosphere are 

clear. The effect of t h e  magnetosphere on recorded flows i s  f8r from f u l l y  

s tudied because of t h e  complexity o f  t h e  processes taking place i n  t h e  magneto- 

sphere., Unclear is t h e  contr ibut ion of t h e  double albedo e l e c t r o n s  i n  t h e  flow 

recorded on t h e  earth.:  The r o l e  o f  captured r ad ia t ion  i n  t h e  formation and 

change of flows of e l ec t rons  and gamma r a y s  is unknown. 

Despite t h e  g r e a t  number o f  papers 

This ar t ic le  w i l l  descr ibe an experiment conducted t o  measure t h e  inten- L4 
sities and energy spec t r a  o f  e l ec t rons  and gamma rays  o f  a d i r e c t  vertical flow, 

and t h e  e l ec t rons  of a re tu rn  (albedo) flow, conducted i n  1967-1968, with high 

a l t i t u d e  balloons.- The preliminary r e s u l t s  w e r e  discussed i n  [ Z l ] .  

1. The Instrument 

Figure 1 is t h e  block diagram o f  t h e  recording instrument. The instrument 

comprises t h e  following components., CC 7 the  Cerenkov d i r e c t i o n a l  ac t ion  thres- 

hold counter with an organic g l a s s  r a d i a t o r  ( r e f r a c t i v e  index k = ly5). i  Counter 

d i r e c t i v i t y  is the r e s u l t  o f  blackening the  upper surface o f  t h e  r a d i a t o r  and 

s e t t i n g  t h e  threshold f o r  t he  e l e c t r o n i c  c i r c u i t  such t h a t  only p a r t i c l e s  passing 

SC1, SC2, SC , and SC4 through t h e  counter from top  t o  bottom w i l l  be recorded. 

are polystyrene s c i n t i l l a t i o n  counters. SCh is a multi- layer spauk chamber with 

lead p l a t e s ,  e lectrodes the  t o t a l  thickness  of which is 3.7 r ad ia t ion  

3 

------ 

Figure 1. Block diagram o f  t h e  instrument. 

2 
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l engths  ( r l ) .  A i s  a lead  absorber  3 rl th ick .  P is a photographic monitor 

t h a t  photographs t h e  spark chamber i n  two orthogonal p r o j e c t i o n s  with a system 

of  mi r ro r s  . 
The instrument ope ra t e s  i n  two modes: it records  (1) e lec t rons ;  

and (2) g a m m a  rays.  The f irst  mode u t i l i z e s  counters  CC, sC1, s C 2 ,  and SC 

f o r  recording. An e l ec t ron  causes  counters  CC and SC t o  func t ion ,  then,  passing 

through t h e  spark chamber, w i l l  c r e a t e  an electron-photon shower on t h e  p l a t e s .  

E lec t rons  i n  t h e  shower a r e  recorded by counter  SC2 and are absorbed i n  A without 

3 
1 

Ls 

s t r i k i n g  counter  SC 

symbol means t h a t  t h a t  counter  i s  included i n  the  an t ico inc idence  c i r c u i t )  are 

Events of  t h e  CC SC S C  E type  ( t h e  b a r  over  t h e  counter  3' 1 2 3  

segregated by an e l e c t r o n i c  c i r c u i t  cons i s t ing  of TC, t h e  t r i p l e  coincidence 

c i r c u i t  with a r e so lu t ion  t i m e  of  some 50 n s e c ,  and t h e  an t ico inc idence  c i r c u i t ,  

AC. T h i s  segregat ion method precludes t h e  recording of o t h e r  p a r t i c l e s  passing 

through because t h e i r  path,  a t  a ve loc i ty  exceeding t h e  th re sho ld  ve loc i ty  f o r  

t h e  recording of a p a r t i c l e  by t h e  Cerenkov counter  (B = 0 .67 ) ,  i s  so much 

longer  than t h e  t o t a l  of  t h e  substance i n  t h e  instrument (some 6.7 rl of l e a d )  

t h a t  they are "cut ou t"  by counter  SC However, t h e r e  w i l l  be  nuc lear  i n t e r -  

a c t i o n s  between cosmic p a r t i c l e s  (pro tons)  i n  t h e  SC and A ,  i n  add i t ion  t o  t h e  

t 

3 '  

e l e c t r o n s  of  t h e  CC SC SC event ,  during which not a s i n g l e  charged product 

w i l l  s t r i k e  SC U-mesons of  energ ies  of 55 t o  80 M e V  remaining i n  

A. The f i n a l  s e l e c t i o n  of c a s e s  with e l ec t rons  among t h e  recorded CC SC SC 3 

1 2 3  
a s  w e l l  a s  

3 '  

1 2 3  
event i s  made from t h e  photographs of t h e  spark chamber. 

The gamma r a y  recording condi t ion  i s  taken c a r e  of  by counters  CC, SC1, sC2 

and counter  SC4, which i s  i n s t a l l e d  toge the r  with t h e  l ead  conver te r  (1 rl of 

l e a d ) ,  C ,  above t h e  Cerenkov counter .  SC i s  connected t o  t h e  an t ico inc idence  

channel of  t h e  AC c i r c u i t  along w i t h  SC 

caused by g a m m a  r ays  being converted i n t o  an e l ec t ron -pos i t i on  p a i r  i n  conver te r  

C ,  can be recorded. 

4 
Events of  t h e  SC CC SC z2 type,  3' 4 1 

Subsequent instrument  ope ra t ion  t akes  p lace  r ega rd le s s  of t h e  recording 

condi t ion.  A pulse  from t h e  AC c i r c u i t  t r i g g e r s  t h e  output  device,  OD, t h e  

photographic monitor t r i g g e r  c i r c u i t ,  PT, and t h e  i n t e r l o c k  c i r c u i t ,  I. A 

pu lse  from t h e  output  device with an amplitude of  about 150 v o l t s  now causes  

t h e  s m a l l  and l a r g e  pulse  vo l t age  genera tors ,  PG-S and PG-L [22, 231 t o  

3 
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func t ion  and genera te  t h e  high-vol tage supply pu l se  f o r  t h e  spark chamber. A l l  

e l e c t r o n i c  c i r c u i t s ,  vo l t age  conver te rs ,  and supply pu l se  genera tors  are 
based on cold-bathode elements, 

and vacuum spark r e l ays ,  

such as t r a n s i s t o r s ,  tunnel  diodes,  dyn i s to r s ,  

2 
The e f f e c t i v e  recording area o f  t h e  instrument is approximately 110 c m  , 

t h e  s o l i d  angle  about 0.12 ster. The o v e r a l l  dimensions of  t h e  instrument are 

60 x 30 x 30 c m ,  i t s  weight is 35 kg, and t h e  t o t a l  power demand i s  12 w a t t s  

C231- 

2. The Svark Chamber 

The p r inc ipa l  component of  t h e  instrument ,  t h e  purpose of which is  t o  make 

t h e  f i n a l  segrega t ion  o f  t h e  events  i n  need of  i n v e s t i g a t i o n ,  i s  t h e  spark 

chamber. The chamber i s  a r ec t angu la r  box made of organic  g l a s s  with i n t e r n a l  

volume of  12 x 12  x 12  = 1728 c m  , containing s i x  6 mm t h i c k  p l a t e s .  The upper 

and lower p l a t e s  are made o f  Dural. Each of  t h e  fou r  i n t e r i o r  p l a t e s  con ta ins  

a 4 mm t h i c k  l ead  l aye r .  The plates d iv ide  t h e  chamber i n t o  f i v e  compartments. 

One ( t h e  upper) is 3 c m  high,  and fou r  are 1.5 c m  high. The upper compartment 

is used t o  measure t h e  d i r e c t i o n  of  t h e  incoming e l ec t ron ,  o r  e lec t ron-pos i t ron  

pa i r .  The e l e c t r o n  shower developing i n  t h e  l ead  p l a t e s  i s  recorded i n  t h e  next 

f o u r  s m a l l  compartments. A l l  o f  t h e  i n t e r n a l  p l a t e s  have o u t s i d e  t a p s  t o  which 

Dural s t raps  are secured, t h u s  becoming ex te rna l  ex tens ions  of  t h e  e l ec t rodes ,  

as it w e r e .  The ex te rna l  s t r a p s p r o v i d e  t h e  necessary homogeneity f o r  t h e  

e lectr ic  f i e l d  i n  t h e  chamber's working expanse. The chamber i s  f i l l e d  with 

excep t iona l ly  pure neon t o  a p res su re  of 1 a t m .  

3 

The upper and lower e l e c t r o d e s  are connected t o  t h e  in s t rumen t ' s  l o c a l  

"ground." 

t h a t  is, t o  t h e  h e a r t  o f  t h e  chamber. The gap between t h i s  p l a t e  and any o f  

t h e  grounded e l ec t rodes  is 4.5 c m .  Thus, high-voltage pu l ses  are suppl ied a t  

once t o  t h e  two upper, and t h e  t h r e e  lower compartments and are d i s t r i b u t e d  

among them i n  accordance wi th  t h e i r  capaci tances .  Given t h i s  supply mode, t h e  

chamber func t ions  as a spark chamber wi th  a l a r g e  i n t e r e l e c t r o d e  gap with i t s  

d i s t ingu i sh ing  f e a t u r e  t h e  movement o f  t h e  sparks  fol lowing t h e  p a r t i c l e  t r a c k s  

and a high shower e f f i c i e n c y  value. The p l a t e s  are connected t o  each o t h e r  

through 100 kohm r e s i s t o r s  i n  o rde r  t o  discharge t h e  charge remaining on t h e  

The high-voltage pu l ses  are suppl ied t o  t h e  p l a t e  t h i r d  from t h e  top ,  

4 



e lec t rodes  i n  event o f  breakdown. 

The pulse  suppl ied  t o  t h e  spark chamber has  an amplitude of some 25 kv, 

with an approximately 30 nsec leading  edge and a dura t ion  of about 0.5 psec. 

The e l e c t r o n i c  de lay  i n  d e l i v e r y  of t h e  high-voltage pulse  is approxi- 

mately 0.5 bsec. A t  

t h e  exp i r a t ion  t h e  chamber must be  r e f i l l e d  with f r e s h  gas  because t h e  neon be- 

comes contaminated by emissions from t h e  organic  g l a s s  and chamber e f f i c i e n c y  

and spark b r i l l i a n c y  diminish.  

The l l l i fe t l  o f  one f i l l i n g  of  t h e  chamber is 2 t o  3 weeks. 

3. Instrument Ca l ib ra t ion  

The physical  c h a r a c t e r i s t i c s  of  t h e  instrument w e r e  measured while  it w a s  

func t ion ing  on cosmic w-mesons and e l e c t r o n s  with ene rg ie s  of  100 t o  600 MeV 

( t h e  synchrotron a t  t h e  P. N. Lebedev Physics  I n s t i t u t e  of  t h e  Academy of  

Sciences of t h e  U S S R )  and of 500 t o  1500 MeV ( t h e  l i n e a r  a c c e l e r a t o r  i n  t h e  

Physicotechnical  I n s t i t u t e  of  t h e  Academy of Sciences of  t h e  Ukrainian SSR). 

Cal ib ra t ion  of  t h e  t e l e scope  f o r  t h e  CC, SC1, SC ,,, SC 3, and SC, counters .  

Figure 2 shows t h e  e f f i c i e n c y  with which t h e  instrument  records  e l e c t r o n s  (7,) 
and g a m m a  r ays  (7,) i n  t e r m s  of  t h e i r  energy. The e f f i c i e n c y  with which elec- 

t ronswere  recorded w a s  measured d i r e c t l y  i n  e l e c t r o n  beams. A s  w i l l  be seen 

from t h e  graph, 

maximum of = 0.3 f o r  E % 400 M e V ,  and then decreases  smoothly t o  zero. The 

ve rises sha rp ly  at f i r s t  from zero  when E m  100 M e V  t o  a 

e 

reduct ion i n  7 
of t h e  pene t ra t ion  of t h e  absorber  ( A )  by t h e  e l e c t r o n  shower and of h i t t i n g  t h e  

"ant icoincidence" counter  SC The e f f i c i e n c y  wi th  which t h e  instrument records  

gamma rays ,  11 , cannot be obtained d i r e c t l y  because of  t h e  absence of  beams of  mono- 

e n e r g e t i c  g a m m a  r ays  of  t h e  needed energy, so i s  computed by using t h e  d a t a  

f o r  e l e c t r o n  beam c a l i b r a t i o n  (see Appendix 1). qy rises smoothly from zero  

when E =  100 MeV t o  approximately 0.5 when E w  1500 M e V .  What fol lows from t h e  

r e l a t i o n s h i p s  i n  Figure 2 i s  t h a t  t h e  instrument records  e l e c t r o n s  i n  t h e  energy 

range between 100 and 1500 MeV and gamma r ays  wi th  energy E >  100 MeV. 

when E > 400 M e V  is  t h e  r e s u l t  of t h e  inc rease  i n  t h e  p r o b a b i l i t y  
e 

3' 

Y 

Figure 3 shows t h e  e f f i c i e n c y  of  t h e  recording of e l e c t r o n s  wi th  435 MeV /8 - 
of  energy i n  terms of  t h e  a n g l e  of  e n t r y  i n t o  t h e  instrument.  The e l e c t r o n s  

pass  through t h e  c e n t e r  of t h e  r a d i a t o r  of  t h e  Cerenkov counter  a t  var ious  

5 



Figure  2. 

and gamma r ays  (7 ) by the ' i n s t rumen t  
i n  t e r m s  of  energy. 

0 - e l e c t r o n  synchrotron 

Recording of  e l e c t r o n s  (7,) 

Y 

(P. N. Lebedev Physics  I n s t i t u t e ) ;  

A - e l e c t r o n  l i n e a r  a c c e l e r a t o r  
(Physicotechnical  I n s t i t u t e ) .  

2 
MeV,  i s  equal t o  G = 14.5 * 1.0 c m  -ster 

angles ,  9, t o  t h e  axis o f  t h e  in-  

strument i n  one p ro jec t ion ,  and a t  a 

f ixed  angle ,  Jr  = 0, i n  t h e  o t h e r  

or thogonal  p ro jec t ion .  As w i l l  be  

seen from F igure  3 ,  t h e  e f f ec t iveness  

changes l i t t l e  i n  t h e  range o f  angles  

cp from -10 t o  +loo, and drops o f f  

sharp ly  when I cpl i s  increased from 10 

t o  30'. The e f f e c t i v e n e s s  with which 

t h e  r e t u r n  flow o f  e l e c t r o n s  is  re- 
-4 corded (cp = 1 8 0 ~ )  i s  less than 2.10 . 

The angular  r e l a t i o n s h i p  of t h e  e f fec-  

t i v e n e s s  o f  t h e  recording of gamma 

rays  w i l l  be p r a c t i c a l l y  t h e  same be- 

cause o f  t h e  smallness  of t h e  angle  

of  divergence of t h e  e lec t ron-pos i t ron  

p a i r  f o r  given energ ies .  The geo- 

metric f a c t o r  f o r  t h e  instrument,  com- 

puted from c a l i b r a t i o n  measurements 

f o r  e l e c t r o n s  wi th  an energy of  435 

(see  Appendix 2) .  

A n  important quant i ty ,  measured on cosmic p-mesons, i s  t h e  e f f i c i e n c y  

o f  t h e  "ant icoincidence" counter  SC4 when t h e r e  are count ing e r r o r s  caused by 

contaminated p a r t i c l e s  poss ib ly  s imulat ing gamma rays.  Counter e f f i c i ency  

proved t o  be 0.9993 2 0.0005. 

Spark chamber c a l i b r a t i o n .  Demonstrated i n  t h e  cour se  of  recording e lec-  

p-mesons i n  t h e  spark  chamber w a s  t h a t  t h e  spa rks  fol low t h e  t r a c k s  t r o n s  and 

of  p a r t i c l e s  i n  t h e  upper,  l a r g e  compartment t o  t h e  maximum angle  between t h e  

f i e l d  and t h e  p a r t i c l e ,  20°, f i x e d  by t h e  instrument ape r tu re .  The accuracy - /9 
wi th  which t h e  p a r t i c l e  t r a c k  angle  is measured i n  t h e  upper compartment i s  

approximately 2'. The spark  moves through v e r t i c a l l y  i n  t h e  s m a l l  compartments. 

A comparison made between t h e  shower curves obtained f o r  e l e c t r o n s  with energ ies  

from 100 t o  1500 MeV during t h e  c a l i b r a t i o n  with those  computed, o r  obtained by 

o t h e r  experimental  methods, revea led  t h a t  t h e  spark chamber has  c l o s e  t o  100% 

6 



'P, degrees 

F igure  3. Instrument e f f i c i e n c y  i n  terms of t h e  angle of e n t r y  of 
e l e c t r o n s  f o r  E = 435 M e V .  

3, U 

2 

* 

1: 

t 

4 

I 

Figure  4. Average number of sparks ,  
n, root-mean-square s c a t t e r  i n  t h e  
number of sparks ,  Q i n  terms of 
e l e c t r o n  energy. 

- 
n' 

0 - e l e c t r o n  synchrotron 
(P. N. Lebedev Physics  I n s t i t u t e ) ;  

(Physicotechnical I n s t i t u t e )  
A - e l e c t r o n  l i n e a r  a c c e l e r a t o r  

e f f i c i e n c y  f o r  t h e  simultaneous r e g i s t r a -  

t i o n  of many p a r t i c l e s  ( so-ca l led  shower 

e f f i c i e n c y )  [23, 241. 

The t o t a l  number of sparks  n,  i n  a l l  

f i v e  compartments, i s  t h e  c h a r a c t e r i s t i c  

f o r  t h e  e l ec t ron  shower i n  a spark  cham- 

ber. F igure  4 shows t h e  change i n  t h e  

average number of sparks ,  n,  and i n  t h e  

root-mean-square s c a t t e r  i n  t h e  number of 

sparks,  u with change i n  e l e c t r o n  en- 

ergy. n' i nc reases  l i n e a r l y  wi th  inc rease  

i n  energy between 100 and 1000 M e V .  

When E > lo00 MeV t h e r e  is a s l i g h t  

dev ia t ion  from t h e  l i n e a r  r e l a t i o n s h i p ,  

something t h a t  poss ib ly  i s  t h e  r e s u l t  of 

t h e  spark p i l eup  and of e r r o r s  i n  t h e i r  

count i n  showers with a great many par- 

t i c l e s .  The r e l a t i v e  e r r o r  i n  measuring 

t h e  energy of t h e  ind iv idua l  e l e c t r o n  

i n  terms of t h e  number of sparks  i n  a 

- 

n' 

/lo 
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Figure  5. Average number of 
sparks  i n  showers < n > i n  terms 
of t h e  index f o r  a d i f f e r e n t i a l  
energy spectrum f o r  gamma rays  
(1) and e l e c t r o n s  (2). 

shower recorded by t h e  spark  chamber 

is approximately 70% f o r  E = 200 MeY,  

and about 50% f o r  E = lo00 MeV. A n  

e r r o r  of t h i s  magnitude can be  explained 

by t h e  s u b s t a n t i a l  f l u c t u a t i o n s  i n  t h e  

i n i t i a l  development of t h e  e l e c t r o n  

shower. Yet even so unref ined  a method 

of measuring energy can r e s u l t  i n  de t e r -  

mination of t h e  shape of t h e  energy 

spectrum f o r  t h e  e l e c t r o n s  recorded i n  

t h e  spark chamber wi th  a fa i r  

degree o f  accuracy. The average num- 

b e r  of sparks  i n  showers < n > i n  terms 

of t h e  value of cy (Figure 5) w a s  obtained 

as a r e s u l t  o f  computation made on t h e  

b a s i s  of t h e  c a l i b r a t i o n  d a t a  shown i n  

Figures 2 and 4 f o r  a d i f f e r e n t i a l  en- 

ergy spectrum f o r  e l e c t r o n s  wi th  a 

power form 

N(E) dE = AE'@ dE. 

4. Conditions f o r  Conduct of t h e  Experiment 

The instrument w a s  placed i n  an a i r t i g h t  duralumin con ta ine r  conta in ing  

a rack f o r  t h e  a u x i l i a r y  ins t ruments ,  t h a t  is, f o r  t h e  c locks ,  thermometer, 

vacuum gage, compass, and a pendulum bob, t h e  readings  of which w e r e  photo- 

graphed by a second photorecorder  simultaneously with t h e  func t ioning  of t h e  

instrument and t h e  photographing of t h e  spark chamber. The metal con ta ine r  w a s  

covered on t h e  o u t s i d e  by a Layer of foam p l a s t i c  f o r  thermal i n s u l a t i o n  and t o  

p r o t e c t  aga ins t  shock upon launching. The measurements were made using con t ro l l ed  

h igh -a l t i t ude  ba l loons  i n  the "mer  and f a l l  of $967, and i n  t h e  summer of 1968, 
i n  the geomagnetic l a t i t u d e  of 46". 

Table 1 lists information on seven f l i g h t s .  s i x  measurements of e l e c t r o n  

f l u x e s  w e r e  made, i n  t h e  course  of two of which t h e  albedo e l e c t r o n s  were 

measured, and i n  t h r e e  of which t h e  gamma ray  f luxes  were measured. With t h e  

8 



Figure 6. Photographs of  events  i n  t h e  spark chamber. 

exception of  one f l i g h t  ( t h a t  of  28 April  1967) t h e  instruments  w e r e  energized 

on t h e  ground p r i o r  t o  launch and funct ioned during t h e  l i f t ,  which usua l ly  

l a s t e d  f o r  from 1.5 t o  2.5 hours ,  as we31 as during the  d r i f t  a t  t h e  maximum 

a l t i t u d e  a t t a ined .  Temperature and pressure i n s i d e  t h e  con ta ine r  remained normal, 

10 t o  l 5 @ C ,  1 a t m ,  i n  a l l  measurements. T i l t  of t h e  a x i s  of t h e  instrument t o  

t h e  v e r t i c a l  was not  i n  excess of 3 " .  
es t ab l i shed  from t h e  barogram made during each f l i g h t .  The con ta ine r  holding 

t h e  instrument w a s  turned 1800 t o  measure albedo f lux .  F igure  6 shows t h e  photo- 

graphs of t h e  events  wi th in  t h e  spark chamber obtained during measurements when 

recording e l ec t rons  ( a )  and gamma r a y s  (b) .  

The a l t i t u d e  a t  any moment i n  t i m e  can be  /I2 
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TABLE 1 

- 

I Time of measurement 

14 June 1967 
28 June 1967 
6 Ju ly  1967 
20 October 1967 
27 October 1967 
31 October 1967 
9 J u l y  1968 

Beg inn i n  g 

0522 

03 29 

0553 
043 5 
0628 

0447 
0616 

-._--__. .. 
End 

0730 
1100 

lo00 

0730 
lo00 

1200 - 1200 

- 

Height, km 

o - 25 

20 - 26.5 

0 - 27.5 

o - 27 

0 - 26.5 

0 - 28 

0 - 32 

Recorded r a d i a t i o n  

- .. 

Elec t rons ,  gamma rays  

Gama r a y s  

Elec t rons ,  gamma r a y s  

Gamma r a y s  

E lec t rons  

Albedo e l e c t r o n s  

Elec t rons ,  a1 bedo e l e c t r o n s  

5. Measurement R e s u l t s  

Index of t h e  spectrum of e l e c t r o n s  and gamma rays. The d a t a  obtained from 

t h e  f l i g h t s  w e r e  used t o  f i n d  t h e  i n t e n s i t y  and energy spectrum o f  recorded 

p a r t i c l e s  a t  d i f f e r e n t  a l t i t u d e s .  S ince  t h e  e l e c t r o n s  and gamma rays  are re- 

corded over  a w i d e  range of ene rg ie s ,  t h e i r  energy spectrum can be  presented i n  

t h e  form 

N(E)dE = A(EO .+ dE (2) 

which d i f f e r s  from t h e  spectrum of Eq. (1) by t h e  cons t an t  Eo, which t a k e s  i n t o  

cons ide ra t ion  t h e  " p i l e  upff t h a t  occurs  i n  t h e  spectrum a t  low energies.  Pro- 

cess ing  t h e  experimental d a t a  on t h r e e  measurements of e l e c t r o n s  " in  t h e  spectrum 

of Eq. (2 I f f  using t h e  r e s u l t s  o f  t h e  c a l i b r a t i o n  showed t h a t  t h e  average f o r  a l l  

a l t i t u d e s  i n  t h e  atmosphere w a s  a m  2, and Eo 5 2 if [E] = [MeV]. 

t h a t  t h e  "p i l eupf f  i n  t h e  spectrum is s l i g h t  and t h a t  t h e  pure ly  p o w e r - l a w  spec- 

trum of @. (1)  is  s u f f i c i e n t l y  accu ra t e  f o r  use. 

This  i n d i c a t e s  

The average number o f  sparks  n > i n  t h e  showers recorded i n  t h e  spark - /13 
chamber w a s  computed i n  o rde r  t o  determine t h e  index o f  t h e  energy spectrum, 

~ y ,  and t h e  r e l a t i o n s h i p  of < n > = f(CY) (see Figure  51, computed from t h e  r e s u l t s  

of t h e  c a l i b r a t i o n  w a s  used. F igure  7 shows t h e  va lues  f o r  ~y and ~y , determined 
e Y 

f o r  d i f f e r e n t  a l t i t u d e s  f r o m  a l l  e l e c t r o n  and gamma r a y  measurements. cye and CY 
Y 

are i n  good concordance a t  a l l  a l t i t u d e s  wi th in  t h e  l i m i t s  of  s ta t is t ical  e r r o r s ,  

10 



decreasing approximately from 2.5 a t  an a l t i t u d e  of 500 g/cm2 t o  1-7 t o  2 a t  
2 

a l t i t u d e s  of 100 t o  200 g/cm , 
20 g/cm . 2 

Figure 7. Measured va lues  
of t h e  indexes of t h e  d i f f e r -  
e n t i a l  energy s p e c t r a  of 
e l e c t r o n s  and gamma rays  a t  
d i f f e r e n t  a1 t i t u d e s .  

0 - e l e c t r o n s  (14 June, 

0 - gamma rays  (28 June, 

6 Ju ly ,  27 October 1967);  

6 July,  20 October 1967). 

and t o  about 3 a t  an a l t i t u d e  of approximately 

I n t e n s i t y  o f  gamma r a y s  and e lec t rons .  The 

following formula w a s  used t o  compute t h e  inten- 

s i t y  of e l e c t r o n s  (garmna r a y s )  

where 

is t h e  number o f  p a r t i c l e s  recording 

i n  t i m e  T = 10 minutes; 
Ne ( y  I 

T = 3.3 seconds is t h e  t i m e  t h e  instrument 

is blocked (movement of t h e  photo- 

graphic f i l m ) ;  

N is t h e  t o t a l  number of t i m e s  t h e  

instrument func t ions  i n  t i m e  T; 

G is t h e  ins t rument ' s  geometric f a c t o r ;  

is recording e f f i c i ency .  ye (V 
Since  G and are func t ions  of energy, t h e  va lue  

GT = 2.1 cm2-ster, averaged over t h e  spectrum of 

recorded p a r t i c l e s ,  can be s u b s t i t u t e d  i n  Eq. (3) .  

- 

F i g u r e  8 shows t h e  r e l a t i o n s h i p  between a l t i t u d e  and gamma ray  i n t e n s i t y ,  

p l o t t e d  from t h e  measurements made on 6 J u l y  and 20 October 1967. The 

gamma ray  i n t e n s i t y ,  i nc reas ing  with a l t i t u d e  from ground l e v e l ,  passes  through 
-2 -1 -1 2 a maximum with a va lue  of about 0.18 cm -sec -ster a t  a height of 115 g/cm , 

then decreases  smoothly. The s o l i d  l i n e  shows t h e  a l t iCudc  dependence of the 
ondary gamma r a y s  generated i n  t h e  atmosphere by t h e  nuc lea r  component of t h e  

cosmic r ays  as computed i n  [l5]. Although t h e  computations w e r e  made f o r  

e l e c t r o n s  and gamma r a y s  with an energy of some 1 GeV, as t h e  comparison be- 

tween t h e  computed curve and experimental r e s u l t s  [5 - 81 showed, t h e  r e l a t i v e  d-' 

t i t u d e  dependence remains as it is i n  t h e  case o f  lower energy e lec t rons  and 

11 
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Figure  8, I n t e n s i t y  o f  t h e  
d i r e c t  gamma ray  f l u x  with 
E 2 100 MeV a t  d i f f e r e n t  

a l t i t u d e s :  0 - 6 J u l  1967, 
Y 

0 - 20 O c t  1967. 

gamma r a y s  C1.51. 

i zed  a t  t h e  experimental va lue  for 100 g/cm . 
i n t e n s i t y  va lues  of t h e  two measurements are i n  

good concordance during t h e  l i f t ,  and a t  t h e  maxi- 

mum, but t h e r e  is  some f i x e d  d i f f e r e n c e  (about 

15%) beyond t h e  maximum. A t  t h e  same t i m e ,  t h e  

d a t a  obtained on 6 July 1967, are i n  good concor- 

dance with t h e  computed curve. 

The computed curve w a s  normal- 
2 

The 

Figure 9 shows f h e  change i n  t h e  i n t e n s i t y  of  

outgoing e l e c t r o n  f l u x e s  with he ight  computed from 

t h e  r e s u l t s  of four  f l i g h t s .  The s o l i d  l i n e  shows 

t h e  a l t i t u d e  dependence o f  the secondary e l e c t r o n s  

[15], normalized by t h e  experimental  va lues  ob- 

t a i n e d  i n  t h i s  paper a t  100 g/cm . A s  i n  t h e  case  
2 

-2 -1 
of  t h e  gamma rays ,  w e  see a broad maximum with a va lue  of  about 0.11 cm -sec 

-ster a t  a height  of 120 g/cm . The r e s u l t s  of a l i  f l i g h t s  are i n  good concor- 

dance wi th  each o the r  and wi th  t h e  t h e o r e t i c a l  r e l a t i o n s h i p  be fo re  t h e  maximum, 

but  d iverge  markedly beyond t h e  maximum. A t  t h e  same t i m e ,  t h e  results of t h e  

measurements made on 14 June and 27 October 1967 co inc ide  wi th  t h e  l i m i t s  of  

s t a t i s t i c a l  e r r o r s  a t  a l l  he igh t s ,  and d i f f e r  from t h e  r e s u l t s  obtained on 6 

Ju ly  1967, and on 9 July 1968, which repeat  t h e  expected a l t i t u d e  dependence of t h e  

secondary e lec t rons .  The divergence is re t a ined  f o r  e l e c t r o n s  wi th  energ ies  of 

from 500 t o  1500 M e V  genera t ing  showers with number of p a r t i c l e s  n 2 10 (Figure 

10) i n  t h e  chamber, a l though t h e  i n t e n s i t y  of  t hese  e l e c t r o n s  is markedly less,  

and t h e  r e l a t i v e  e r r o r s  are high. The r e l a t i o n s h i p  between t h e  i n t e n s i t i e s  of  

t h e  e l e c t r o n  f l u x e s  observed on 14 June, 27 October, and 6 J u l y  1967, and on 

9 July 1968, a t  a he ight  of  20 g/cm i s  2.5 f 0.5 f o r  E 2 100 M e V ,  and 3 +- 1 

f o r  Ee 2 500 MeV. 

-1 2 

/ I6  

2 
e 

The divergence cannot be explained by instrument e r ro r s .  The readings ob- 

t a i n e d  from t h e  a u x i l i a r y  ins t ruments  show t h a t  condi t ions  i n s i d e  t h e  conta iner  

w e r e  i d e n t i c a l  on a l l  f l i g h t s .  

Another c r i t e r i o n  by which t o  judge instrument ope ra t ion  is t h e  p a r t i c l e s  

t h a t  are nonelectron i n  n a t u r e  t h a t  w e r e  recorded by t h e  instrument  and do not  

cause  showers on t h e  spark chamber p l a t e s .  These p a r t i c l e s ,  comprising 10% of 

12  

_.. .. 



I 

Figure 9. Intens i ty  o f  outgoing and return (albedo) f luxes  of 
e lectrons  with 100 S Ee s 15Oa MeV a t  d i f f erept  
a l t i tudes .  

Figure 10. Intens i ty  of  the  outgoing f l u x  of  e lectrons  w i t h  
500 5 E s 1500 MeV a t  d i f ferent  a l t i t u d e s .  e 
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Figure  11. P a r t i c l e s  nonelectron i n  
n a t u r e  recorded by t h e  instrument i n  
terms of  height. ;  - - - 6 J u l y  1967; - 14 June and 27 October, 1967. 

t h e  t o t a l  recorded, can be p, mesons, 

protons,  and o t h e r  p a r t i c l e s  t h a t  are 

a r r e s t e d  i n  t h e  A u n i t ,  o r  t h a t  cause 

t h e  instrument to funct ion as a r e s u l t  

o f  counting e r r o r s  by t h e  SC counter.  

Figure 11 shows t h e  change i n  t h e  re- 

cording of nonelectron events  by t h e  

instrument with height .  As w i l l  be  seen 

from t h e  f i g u r e ,  t h e  he ight  curves  f o r  

nonelectron e v e n t s  are i n  good concor- 

dance f o r  t h e  two groups of  f l i g h t s .  

Hence, i t  fol lows t h a t ,  first,  t h e  in- 

strument funct ioned normally, and, second, /17 
t h a t  t h e  t o t a l  i n t e n s i t y  of cosmic rays  

2 

- 

on a l l  f o u r  f l i g h t s  was i d e n t i c a l  ( a l s o  confirmed by t h e  readings of  t h e  image 

monitors on t h e  same days).  

Albedo e lec t rons .  Figure 9 a l s o  shows t h e  i n t e n s i t y  of t h e  albedo e l e c t r o n  
~ 

f l u x e s  measured on 31 October 1967. As dis t inguished  from t h e  outgoing f l u x e s  

of  e l e c t r o n s  and gamma rays ,  t h e  albedo e l e c t r o n  f l u x  has  no sharp ly  expressed 

maximum. The albedo e l e c t r o n  energy spectrum proved t o  be very hard. The index 

f o r  t h e  spectrum, averaged f o r  a l l  a l t i t u d e s  t raversed ,  is (yalbedo S 1.6 f 0.3. 
- 

6. Discussion of t h e  Resul ts .  

References [4, 11-13, 25, 261 have measured t h e  energy s p e c t r a  of e l e c t r o n s  

and gamma r a y s  wi th  e n e r g i e s  g r e a t e r  t h a n  100 MeV a t  d i f f e r e n t  h e i g h t s  i n  t h e  

atmosphere. Table 2 l ists  t h e  va lues  of and cy , t h e  energy i n t e r v a l s  f o r  re- 

corded p a r t i c l e s ,  and h e i g h t s  i n  t h e  atmosphere, ob ta ined  i n  our  paper, and i n  

t a i n e d  i n  t h e  o t h e r  papers i n  t h e  range between 1000 and 100 g/cm2, where re- 

duct ion i n  ~y 

t h e  i n c r e a s e  i n  cy 

h e i g h t s  h < 100 g/cm2 be t raced.  

t h e  measurement of s p e c t r a  a t  d i f f e r e n t  h e i g h t s  w a s  made with t h e  same i n s t r u -  

with height  is ment, so t h a t  t h e  measurement o f  t h e  r e l a t i v e  behavior of (y 

q u i t e  r e l i a b l e .  

@e Y 

t h e  papers w r i t t e n  by o t h e r  authors.  Our d a t a  co inc ide  with t h e  r e s u l t s  con- - /18 

with height  w i l l  be  observed. Only i n  our  measurements can 

e ( Y )  

e ( y )  
beyond t h e  maximum f o r  t h e  development of a shower a t  

I t  should be pointed out  t h a t  i n  t h i s  paper 

e ( y )  
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The r e l a t ionsh ip  between a and height  obtained is q u a l i t a t i v e l y  i n  concor- 

The energy spectrum of t h e  elec- dance with t h e  p red ic t ions  contained i n  [27]. 

trons,  and, accordingly, of t h e  gamma rays, a t  sea level, and a t  mountain eleva- 

t ions ,  is determined ch ie f ly  by t h e  bas i c  spectrum of the  p-meson component. But 

a t  o the r  he igh t s  t h e  electron-photon component generates p-, as w e l l  as vO-meSons. 

The spectra  of p- and l-ro-rqesons dupl icate  t h e  spectrum of the  primary nucleon 

component with a EJ 2.5 [28].. 

t h a t  is, a t  he igh t s  of about 100 g/cm , t h e  spectrum is determined by t h e  nat- 

ure  of t h e  development of t he  electron-photon shower i n  air, and has  a EJ 2., 

A t  t h e  m a f f i m u m  f o r  an electron-photon shower, 
2 

So far as t h e  measured a l t i t u d e  dependence of t he  i n t e n s i t i e s  of eleckrons 

and gama rays is concerned (see Figures 8 and 9 ) ,  it is i n  good concordance 

with t h e  r e s u l t s  of o the r  papers [5-8, 10, 

Energy i n t e r v a l ,  
Mev 

500-2000 

400-2000 

100-200 

500-2000 

100-200 

.300- 1 OOO 

500-3500 

300-2000 

3 100 

Height 

g/cm2 

1000 

670 

355 

355 

12 

12 

4 

2.64 

300-1000 

200-300 

120-200 

75-120 

48-75 

30-48 

20-30 

TABLE 2 

Q'e 

2,81 f0. I3 
- 
- 
- 
- 
- 

1,6 

1.8 

2.5k0.2 

1.9k0.2 

1.7f0.2 

1,95& 0.16 

2,2f0,2 

2,24f0,2 

2,6&0,1 

Commas represent c 

11, 131 a t  heights  of from 1000 t o  

@Y 

2,71 k0.13 

2.5 

1,7&0,3 

2,3k0,2 

1.7f0,l 

2,0f0,1 

- 
2,40+- 0.16 

2,14 +-0,12 

2.02 f 0.08 

1.93 f 0,08 

2,06f0,07 

2,2620.06 

2,46&0,07 

. - ... . __ 
c i m a l  poir 
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2 2 
100 g/cm , and differs i n  a number of cases a t  h e i g h t s  from 100 t o  20 g/cm . 
It w a s  found t h a t  t h e  measured f l u x  exceeded t h e  computed va lue  f o r  t h e  sec- 

ondary electron-photon component [l5], e s p e c i a l l y  i n  t h e  case o f  t h e  e l e c t r o n  

f l u x  (by a f a c t o r  o f  2 t o  3 ) ;  t h a t  is, we have t h e  a d d i t i o n a l  f l u x e s  i and 

i A check has  shown t h a t  t h e  appearance o f  t h e s e  a d d i t i o n a l  f l u x e s  is  not  

a s soc ia t ed  with f l u c t u a t i o n s  i n  t h e  i n t e n s i t y  of primary cosmic rays ,  e s t ab l i sh -  

ed by neutron monitors, nor  by s o l a r  a c t i v i t y ,  measured by t h e  number o f  sun 

spots ,  f o r  example. Table 3 lists measured va lues  of  a d d i t i o n a l  f l u x e s  

i and var ious  parameters t h a t  serve t o  cha rac t e r i ze  cosmic r a y s  and t h e  

condi t ion of  t h e  geomagnetic f i e l d  on the  day the  experiment w a s  conducted. 

As w e  see from Table 3, t h e r e  is  a c o r r e l a t i o n  between t h e  i and i fluxes 

and magnetic measurement a t  ground l e v e l ,  s p e c i f i c a l l y  with t h e  i n t e g r a l  

K-index (CK),  cha rac t e r i z ing  t h e  degree t o  which t h e  e a r t h ' s  magnetosphere is 

dis turbed.  The c o r r e l a t i o n  is such t h a t  t h e  l a r g e r  i and i t h e  greater 

t h e  change i n  t h e  K-index p r i o r  t o  t h e  days t h e  measurements w e r e  made ( s e e  

Table 3).  Two p o s s i b i l i t i e s  can be assumed as leading t o  t h e  appearance of 

t h e  add i t iona l  f l u x  i . The first is assoc ia t ed  with t h e  flux o f  double 

albedo e l ec t rons ,  that. i s  of e a r t h  albedo e l e c t r o n s  wi th  momenta less than 

t h e  geomagnetic cu to f f  momentum, which are re turned  t o  t h e  conjugate  magnetic 

po in t  by t h e  geomagnetic f i e l d  [9,l2]. The assumption is t h a t  t h e  add i t iona l  

f l u x ,  i is a ' f l u x  of  double albedo e l e c t r o n s  subjec ted  t o  t h e  s t rong  inf luence  

o f  t h e  geomagnetic f i e l d ,  an explanat ion t h a t  is, as is apparent ,  untenable  because 

e 

Y' 

e, Y' 

e Y 

e Y' 

e 

Ll9 

e' 

Date of 
1 aunc h 

TABLE 3 

Neutron 
monitor 

sec- l -  reading 
ster-i s t e r - 1  (MOSCOW) 

cm-2- Cm-2- 
-1 sec  - 

~ . - .- . - 

14 June 1967 
6 July 1967 
20 October 1967 

31 October 1967 
27 October 1967 

9 Ju ly  1968 
- _ _ _  

I . .  1 . . ~ -  . ~ . .  __ . - . - . 

1750 

0.01 0,02 1740 

- 0,025 - 

0,06 - 

- 1 730 

- 1680 

o,06 
- 

- 0,Ol - 
- - . __ .-. .. . -._ . . . 

31 

97 

83 

125 

100 

- 

-. _ _  

CK 

+6 

+1 

-3 

+lo  

-2 

$1 

- 
25 

25 

12 

23 

16 

20 
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changes i n  t h e  magnetosphere c l o s e  t o  t h e  e a r t h ' s  su r f ace  a t  he igh t s  of one t o  two 

e a r t h  r a d i i ,  where t h e  t r a j e c t o r i e s  of  a lbedo e l e c t r o n s  r e tu rn ing  t o  t h e  e a r t h  

occur,  are s m a l l ,  Moreover, t h e  albedo e l e c t r o n  f l u x  w e  measured a t  a he ight  o f  

1 7  g/cm2 is 0.012 ? 0.002 c m  -sec . d e r  . Its ex t r apo la t ion  t o  t h e  conjugate  -2 -1 -1 

poin t  a t  a depth of  2 x 17 g/cm 2 = 34 g/cm2 y i e l d s  a f l u x  o f  about 0.015 c m  -2 -sec -1 

-1 -ster , o r  less than  t h e  add i t iona l  f l u x ,  i observed a t  t h i s  same depth on 14 

June and 27 October 1967, by a f a c t o r  o f  4. Another, very real p o s s i b i l i t y  of  t h e  

appearance o f  t h e  add i t iona l  f l u x ,  i c o r r e l a t i n g  with t h e  K-index, i s  a s soc ia t ed  

with t h e  e l e c t r o n s  i n  nea r  space,  i n  p a r t i c u l a r  with t h e  e l e c t r o n s  from t h e  rad ia-  

t i o n  b e l t s  %brown" i n t o  t h e  atmosphere when t h e  geomagnetic f i e l d  i s  d is turbed .  

Elec t rons  with ene rg ie s  g r e a t e r  than,  o r  equal t o ,  100 MeV have not been d i r e c t l y  

recorded i n  t h e  r a d i a t i o n  b e l t s .  But they  can exist  t h e r e ,  because protons wi th  

t h e  corresponding Larmor r a d i i  (out  t o  400 km, corresponding t o  e l e c t r o n s  with en- 

ergy E = 500 M e V )  w e r e  observed experimental ly  i n  t h e  i n n e r  r a d i a t i o n  b e l t  i n  t h e  

s h e l l  L m  2 [29, 301. Our experiment w a s  conducted a t  a geomagnetic l a t i t u d e  

of 46" ,  which corresponds t o  t h i s  same s h e l l .  

e' 

e' 

Moreover, e l e c t r o n s  with ene rg ie s  

g r e a t e r  than  300 M e V  w e r e  observed during t h e  f l i g h t s  of  Proton-1 and Proton-2 - /20 

C181. 
r a d i a t i o n  b e l t  f a i l s  t o  provide a complete a n s w e r  t o  t h e  ques t ion  because what i s  

st i l l  unc lear  i s  whether comparatively s m a l l  d i s turbances  of t h e  magnetosphere, 

cha rac t e r i zed  by change i n  *e i n t e g r a l  K-index AcK of  5 t o  10 u n i t s ,  caused t h e  

q p r e c i a b l e  discharge of t h e s e  e l e c t r o n s  i n t o  t h e  atmosphere. Apparently, however, 

e l e c t r o n s  with energ ies  c l o s e  t o  c r i t i ca l ,  a t  which they  can st i l l  be kept w i th in  

t h e  inne r  r a d i a t i o n  b e l t ,  should I t sp i l l  ou t f1  of i t ,  even when d is turbances  i n  t h e  

magnetosphere are s l i g h t .  

But even t h e  experimental  de t ec t ion  of  high energy e l e c t r o n s  i n  t h e  inne r  

The add i t iona l  i f lux  appears  as a r e s u l t  o f  t h e  bremsstrahlung of  t h e  

add i t iona l  e l e c t r o n  f l u x  i n  t h e  r e s t  of  t h e  atmosphere and consequently should 

c o r r e l a t e  with t h e  change in t h e  i n t e g r a l  K-index. 

fol lows from t h e  r e s u l t s  of  t h e  work done by Y e .  A. Chuykin, and o t h e r s  [ lo ,  131 
a t  t h e  same geomagnetic point .  The o v e r a l l  i n t e n s i t y  of t h e  gamma r ay  f lux ,  as  

w e l l  as t h e  na tu re  of t h e  a l t i t u d e  dependence i n  the upper atmosphere, changes wi th  

change i n  ACK. 

is an add i t iona l  maximum f o r  gamma r a d i a t i o n  a t  a depth of - 40 g/cm 

Y 

Corre la t ion  such as t h i s  

Because o f  t h e  d i f f e rence  i n  nuc lea r  and r a d i a t i o n  l eng ths  t h e r e  
2 [ lo ,  131. 

F ina l  explanat ion of  t h e  ques t ion  remains f o r  add i t iona l  experiments, not  

on ly  i n  t h e  upper l a y e r s  of  t h e  atmosphere, but  beyond t h e  l i m i t s  of t h e  atmo- 

sphere as w e l l .  
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APPEND ICES 

1. Computation of  t h e  Energy Dependence o f  t h e  Eff ic iency  with which 
t h e  Instrument Records G a m m a  Rays 

The dependence 17 (E,,) can be  obtained from t h e  fol lowing expression 
Y 

(A.1) 
q ( E i ) = s d ~  d x . K ( E - , , x ) . o ( E - , - - ,  . ) F ( E 7 - - ,  r,x), 

where 0 f 
K(E x)  i s  t h e  p r o b a b i l i t y  o f  t h e  conversion of a gamma ray  with energy 

E 
Y' 

i n  conver te r  layer (x,x + dx); Y 
u(E - c , s )de  i s  a func t ion  of t h e  d i s t r i b u t i o n  of  t h e  energy of t h e  

gamma r a y  between t h e  components of t h e  p a i r  (E 
Y - e,€); Y 

F(Ey - e , c , x )  i s  t h e  p r o b a b i l i t y  t h a t  t h e  instrument  w i l l  record an 

e l ec t ron -pos i t ron  p a i r  with ene rg ie s  E - E and E ,  

occur r ing  a t  depth x of t h e  conver te r .  
Y 

It w i l l  be accu ra t e  enough t o  take t h e  d i s t r i b u t i o n  o f  t h e  energy between 

t h e  components t h e  p a i r  as equa l ly  probable. Then 

- aNx aN 
dcdx, - KodEdX = e (A.3) - /21 

where 

D(E ) i s  t h e  gamma r a y  conversion c ross - sec t ion  [3l];  

N = 2.91=1021 

Y 
is t h e  number of lead  nuc le i  i n  1 gram. 

The func t ion  F can be expressed i n  t e r m s  of  t h e  measured e f f i c i e n c y  of 

recording of e l e c t r o n s  by coun te r s  CC, CS 

1 - Si(E 

and CS2 (i = 1, 2, 3 1 ,  I i ( E  x )  = 
1 Y' 

x) ,  f o r  i = 1, 2, 3 ,  during t h e  c a l i b r a t i o n ,  as fol lows:  
Y' 

F = n [ l - E l ( E i - E .  X)El(r, x)]. ( A . 4 )  
I 

so f a r  as t h i s  l a t te r  formula is concerned, it i s  s u f f i c i e n t  t h a t  each of t h e  

t h r e e  counters ,  CC, CSl, and CS record j u s t  one of t h e  components of  a p a i r  2' 

18 



i n  o r d e r  t o  record t h e  e lec t ron-pos i t ron  p a i r s  occurring. 

The numerical s o l u t i o n  f o r  t h e  i n t e g r a l  of Eq. (A.11, w i l l  r e s u l t  i n  t h e  

r e l a t i o n s h i p  shown i n  F igure  2 when Eqs. (A.3) and (A.4) are taken i n t o  

cons idera t  ion  . 
2. Determiriation of  t h e  Instrument 's  Geometric Fac tor  

The following expression y i e l d s  t h e  instrument 's  geometric f a c t o r  

~ - ~- 

2% x 2  +r +r 
G q 5 S  j $ f(x, Y. 0, y)dxdysio BdOdT. (A. 5)  

0 -r -r 

where 

f ( x ,  y, 6, (D) is t h e  e f f i c i e n c y  of t h e  instrument i n  handling p a r t i c l e s  

e n t e r i n g  a t  point  (x, y )  i n  a d i r e c t i o n  f i x e d  by t h e  

z e n i t h  angle  8, and t h e  azimuth angle  q. 

The func t ion  f was measured with t h e  instrument funct ioning with a beam of 

e l e c t r o n s  with E = 435 MeV. e 

Numerical i n t e g r a t i o n  r e s u l t e d  i n  G = 14.5 f 1.0 cm2-ster. 
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THE EXISTENCE AND DETECTION OF FIREBALLS 

Y e .  I. Daybog and I. L. Rozental '  

ABSTRACT. The experimental  evidence i n  favor  o f  t h e  ex is tence  
of f i r e b a l l s  is subjec ted  t o  c r i t i ca l  examination. 

The hypothesis  concerning t h e  car ry ing  away of much o f  t h e  energy of  

primary p a r t i c l e s  and t h e  decaying i n t o  n-mesons when t h e r e  is  s t rong  i n t e r -  

a c t i o n  between p a r t i c l e s  h a s  been widely discussed i n  r ecen t  yea r s  (see [l-31, 
f o r  example). 

t h e  ve ry  f a c t  of t h e  ex i s t ence  o f  superheavy resonances with f i r e b a l l s  is r e l a t e d  

t o  t h e  fundamental ques t ion  o f  t h e  c r i t i ca l  m a s s  of t h e  elementary p a r t i c l e s  [4]. 

P a r t i c l e s  such as t h e s e  have been c a l l e d  f i r e b a l l s .  Moreover, 

The d i f f i c u l t y  i n  approaching t h i s  ques t ion  r e s u l t s  from t h e  f a c t  t h a t  f i r e -  

b a l l s  can be generated a t  q u i t e  high energy leve ls .  

t h e  search f o r  them went on through the  use of  cosmic p a r t i c l e s ,  when measurement 

accuracy i s  poor. Added t o  t h i s  b a s i c  t echn ica l  d i f f i c u l t y  i s  t h a t  assoc ia ted  

with t h e  inaccuracy and indeterminancy o f  t h e  f i r e b a l l  concept i t se l f .  Two 

approaches can be  taken  t o  t h i s  quest ion.  The first of t h e s e ,  and t h e  most 

persuasive,  involves  an a p r i o r i  determinat ion,  and subsequent measurement, of  

t h e  f i r e b a l l  quantum numbers. The second, o r  "empir icalff  approach reduces t o  an 

undecipherable proper ty ,  t h a t  of  t h e  massiveness o f  t h i s  p a r t i c l e .  It  is pre- 

c i s e l y  t h i s  l a t te r  approach t h a t  has  been discussed i n  t h e  main i n  connection 

with t h e  double-hump i n  t h e  angular  d i s t r i b u t i o n s  [l ,  21, and with t h e  o t h e r  

p r o p e r t i e s  of  t h e  s t rong  i n t e r a c t i o n s  i n  t h e  case of  very high energy l e v e l s  

(see [5], f o r  example). The ex i s t ence  of t h i s  double-hump a l s o  served as t h e  

b a s i s  f o r  t h e  experimental  i n t roduc t ion  of  t h e  two-f i reba l l  hypothesis.  

Consequently, u n t i l  r ecen t ly ,  

1 

L a t e r  on, N. A. Dobrotin,  S. A. Slava t insk iy  and t h e i r  fe l low workers ( see  

[3, 57, f o r  example) ob ta ined  new experimental da t a  t h a t ,  i n  t h e i r  opinion, 

pointed t o  t h e  ex i s t ence  of  one f i r e b a l l .  Thus a r o s e  t h e  conception of  t h e  

r ise  i n  t h e  number of  f i r e b a l l s  with energy. 

. -  

1. This  hypothesis  w a s  pos tu la ted  on a specu la t ive  b a s i s  i n  1950 by 
G. T. Zatsepin.  
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It is t h e  purpose of  t h i s  paper t o  m a k e  a c r i t i ca l  a n a l y s i s  of  t h e  experi-  

mental evidence i n  f avor  of t h e  ex is tence  of  f i r e b a l l s .  It  is o u r  view t h a t  

they  e i t h e r  are t h e  r e s u l t  of two w e l l  s tud ied  c h a r a c t e r i s t i c s  of  s t rong  i n t e r -  

a c t i o n s  ( t h e  approximate independence of t h e  magnitude o f  t h e  t r ansve r se  momenta 

of secondary p a r t i c l e s  from t h e  energy of t h e  primary particles,  and t h e  ex i s t ence  

among t h e  secondary .pa r t i c l e s  o f  one t h a t  is i s o l a t e d  from t h e  s tandpoin t  of 

energy) ,  o r  they  bear  no r e l a t i o n s h i p  t o  t h e  proof o f  t h e  ex i s t ence  o f  f i rebal ls .  

It  is our  opinion t h a t  c e r t a i n  s e r i o u s  arguments i n  favor  o f  t h i s  a s s e r t i o n  w e r e  

c i t e d  earlier [6]. W e  in tend  t o  cont inue t h i s  a n a l y s i s  i n  t h i s  paper. 

- /24 

1. The Double-Hump i n  t h e  Angular D i s t r ibu t ions  i n  Se lec t ed  Theore t ica l  
Model s. 

The angular  d i s t r i b u t i o n  o f  secondary p a r t i c l e s  i n  coord ina te s  =-  l og  t a n  

(e,/2), where fjC is t h e  angle  of escape o f  secondary p a r t i c l e s  i n  t h e  C-system,* 

sometimes d i s c l o s e s  t h e  double-hump.2 

o f  lengthy  searches  f o r  f i r e b a l l s  [l ,  21. The idea  t h a t  f l u c t u a t i o n s  i n  energy 

[7], o r  angular  [8, 91 d i s t r i b u t i o n s  could transform a single-hump d i s t r i b u t i o n  

i n t o  a double-hump d i s t r i b u t i o n  has  been under d iscuss ion  f o r  a comparatively 

long t i m e .  However, t h e  d i s t i n c t i v e  f e a t u r e  o f  t h e  models used i n  [7 t o  91 ev i -  

den t ly  served as t h e  b a s i s  f o r  t h e  fact t h a t  t h e s e  papers  p r e t t y  much ignored 

t h e  adherents  of  t h e  ex i s t ence  o f  f i r e b a l l s .  Reference [6] took a new s t e p  

along t h e  road t o  t h e  a n a l y s i s  of t h e  general  p r i n c i p l e s  involved i n  t h e  double- 

hump d i s t r i b u t i o n ,  advancing t h e  idea  t h a t  t h e  double-hump i n  t h e  angular  

d i s t r i b u t i o n  w a s  t h e  r e s u l t  of approximate independence between transverse moment- 

vm d i s t r i b u t i o n  and t h e  energy of t h e  primary p a r t i c l e s ,  al though proof of  

t h i s  a s s e r t i o n  w a s  a l s o  based on a number o f  p a r t i c u l a r  l ong i tud ina l  momentum 

d i s t r i b u t i o n s  

This  f a c t  h a s  a l s o  served as t h e  beginning 

(1 1 rEo K 

2. More p rec i se ly ,  t h e  double-hump i n  logari thmic coord ina te s  w a s  d i s -  
c losed  i n  t h e  L-system i n  t h e  experiment. I t  has  long been assumed t h a t  d i s -  
t r i b u t i o n  w a s  i nva r i an t  i n  t h e s e  coord ina tes ,  whereas i n  fact t h i s  w a s  no t  so 
( see  [61 and t h e  end of s e c t i o n  1 ) .  
-search 
t h e  double-hump i n  logar i thmic  coordinates .  

However it is more convenient t o  do 
i n  t h e  C-system f o r  a physical  understanding of t h e  p r i n c i p l e s  of 

* C - s y s t e m  - center-of-mass s y s t e m ;  L - s y s t e m  - l abo ra to ry  s y s t e m .  
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in a "uniform" distribution 

n ' is the momentum L25 - and @ (p) corresponds to Landau's hydrodynamic theory. 

of the secondary particles; E is the total energy of the colliding particles 
0 

in the C-system; K is the coefficient of inelasticity; N is the multiplicity. 
The following general conclusion can be formulated. The double-hump should in- 

crease in the ; /; (Gll is the mean longitudinal momentum of the secondary par- 
ticles). But the very magnitude of the double-hump depends significantly on K 
and, in particular, the magnitude of the double-hump should increase with increase 

in K. In the more general case it can be said that the more uniformly energy E 

is distributed among the secondary particles, the greater the increase in the 

double-hump should be (see section 2 ) .  Thus it becomes clear why the double- 

hump is relatively neglected in Landau's theory, and It disappears completely 

in the Gsystem. In hydrodynamic theory most of the energy is carried off by 

a small percentage of secondary particles. 

the experiment at this point, there is nothing surprising about the fact that 

the double-hump phenomenon is quite rare (even at very high energies of some 

3 

11 1 

0 

4 

Since hydrodynamic theory agrees with 

ev). 

Although these conclusions are quite persuasive, the distinctive feature of 

the distributions mentioned above has made it possible for adherents of the 

proofs of the existence of fireballs to express doubt as to the generality of 

these conclusions, and the lack of an adequate link with the various theoretical 

models of the multiple processes deprives these conclusions of the necessary 

degree of persuasiveness. So far as this aspect is concerned, it can be pointed 

out in particular that the establishment of a link between the various empirical 

3 .  This condition signifies that energy E is adequately high. 

4 .  This fact was noted by V. M. Maksimenko. We should emphasize that 
0 

what we are discussing here is the nontrivial solution for hydrodynamic equa- 
tions, that the simple wave computation reduces to the appearance of a small 
double-hump C73. 
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c h a r a c t e r i s t i c s  ( i n  this particular case between transverse momenta and t h e  

double-hump phenomenon) is of incomparably g r e a t e r  s ign i f i cance  than  t h e  use  

of models t h a t  u sua l ly  prpvide poor concordance with experiment. 

s i n c e  t h e r e  is t h e  point of view [ 9 ]  t h a t  c e r t a i n  models ( t h e  mul t iper iphera l  

hati model, i n  p a r t i c u l a r ,  and o t h e r s  [lo]) do not  r e s u l t  i n  a double-hump 

a t  very h i @  energies ,  we have once agafn made an a n a l y s i s  of t h i s  l ink i n  t h e  

V a n  Hove [ll] and Amati and o t h e r  [lo], s i m i l a r ,  models. 

However, 

The Van Hove model. The d i s t r i b u t i o n  of t h e  long i tud ina l  (and, consequently,  

i n  our  approximation t h e  t o t a l )  momenta i n  t h i s  theory is i n  t h e  form 

(1 < a < 2 ) .  (3 1 1 @a)-- 
Pa 

Taking t h e  d i s t r i b u t i o n  of t h e  t r ansve r se  m e n t a  t o  be i n  t h e  form 

w e  ob ta in  

In 9 coord ina tes  

a-2; 

Although it is obvious t h a t  t h e  d i s t r i b u t i o n  of Eq. (3 )  diverges  when p -+ 0, and 

consequently t h a t  pmin # 0, we have assumed t h a t  p = 0 i n  t h e  computation f o r  

t h e  i l l u s t r a t i v e  graph f o r  t h e  angular  d i s t r i b u t i o n s  of Eq. (7) because t h i s  

va lue  corresponds t o  a minimal double-hump (see  below). F igure  1 shows t h e  

m i p  
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angular  d i s t r i b u t i o n  i n  a C-system i n  

accordance with Van Hove's theory. 

The mul t iper iphera l  model. The 

mul t iper iphera l  model p r e d i c t s  t h e  same 

d i s t r i b u t i o n  as does t h e  Van Hove model 

i n  a C-system f o r  t h e  func t ion  cp(p), so Figure 1. Angular d i s t r i b u t i o n s  
of secondary p a r t i c l e s  i n  t h i s  model t o o  r e s u l t s  i n  t h e  double-hump 
accordance with Van Hove's theory. 

has  been a longstanding opinion (see [9], f o r  example) t h a t  t h e  mul t iper iphera l  

model p r e d i c t s  a fftable-shapedtl  and not a humped d i s t r i b u t i o n  i n  t h e  coord ina tes  

i n  t h e  angular  d i s t r i b u t i o n .  But t h e r e  

~ ( ) c  = - l o g  t a n  eL). It would appear t h a t  t h i s  view is assoc ia ted  wi th  t h e  m i s -  - /28 
understanding t h a t  on ly  t h e  p a r t i c l e s  of t h e  lead ing  cone w e r e  taken i n t o  con- 

s i d e r a t i o n  when t h e  t r a n s i t i o n  w a s  made t o  t h e  L-system. L e t  u s  use t h e  approx- 

imation PI= cons tan t ,  pi\ = p, introduced i n  t h i s  paper, i n  o r d e r  t o  match t h e  

t r u e  r e s u l t s  with t h e  conclusions a r r i v e d  a t  by Ciezewsky and Krzywiski [9]. The 

dN/dq d i s t r i b u t i o n  w i l l  then be i n  t h e  form 

t h a t  is, t h i s  d i s t r i b u t i o n  w i l l  have t h e  form of two symmetrical " tables"  i n  t h e  

C-system. 

The two " tab les"  w i l l  merge i n t o  one only when p = 0, and t h i s ,  as w a s  pointed 

out  above, c o n t r a d i c t s  t h e  physical  sense of t h e  d i s t r i b u t i o n  of Eq. ( 3 ) .  Both 

"table-shaped" d i s t r i b u t i o n s  are r e t a i n e d  when t h e  t r a n s i t i o n  is made t o  t h e  

L-system, but  they  are no longer  symmetrical. Figure 2 shows t h e  angular  d i s -  

t r i b u t i o n s  i n  accordance with a mult iper ipheral  model i n  t h e  C- and L-systems. 

min and Pmax. The quantities vmin and hax correspond t o  t h e  va lues  p 

min 
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Figure 2. Angular distributions of secondary particles in 
accordance with the multiperipheral model [lo]. 
a - C-system distribution; b - L-system distribution; 
c - L-system distribution if the transverse pulse 
distribution is in the form of Eq. ( 4 )  and 
E0/500 I pi1 I Eo/lOO. 

2. The Effect of Nonuniformity in the Distribution of Longitudinal Pulses 
on the Maanitude of the Double-Humu in the Anaular Distributions 

Since the double-hump is reflected by the relative paucity of particles 

escaping at an angle 0 - =/2 in the C-system, it is clear that the more particles 
there are which have high longitudinal momentum 

tinctly the double-hump is revealed. This condition corresponds to the requirement 

for a reduction in the difference in secondary particle energies. The distribu- 

tion of Eq. (1) corresponds to the limit of a maximum double-bump when K = 1. 

simplest form of nonuniformity is the generalization of this distribution for 

(p i ,  9 p i  1 ,  the more dis- 
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t h e  case when K # 1. Reference [ 6 ]  demonstrated t h e  f a c t  t h a t  t h e  double-hump 

is reduced when t h e r e  i s  a reduct ion  i n  K (an i nc rease  i n  t h e  "nonuniformity" 

of t h e  energy d i s t r i b u t i o n ) .  

It goes without saying t h a t  making an ove ra l l  a n a l y s i s  of t h e  e f f e c t  of  

lfnonuniformity" of  d i s t r i b u t i o n  is made d i f f i c u l t  because of t h e  lack  of c l a r i t y  

of  t h i s  concept. W e  have, t h e r e f o r e ,  l imi t ed  ourse lves  t o  an a n a l y s i s  of a 

s p e c i a l  case ,  assuming t h a t  t h e  sequance of momenta of secondary p a r t i c l e s  w i l l  

form t h e  geometric progress ion  

el P e, bl-1. . (11 1 
w e  see t h a t  t h e  magnitude b s a t i s f i e s  t h e  condi t ion  - /29 4-T' Assuming t h a t  el = 

-- dN 

-4 -2 0 2 I)=-log t a n  

Eo - = 1. 
b - I  I+x 

bN - 1 -- (12) 

The condi t ion  e = corresponds t o  

t h e  maximum nonuniformity,  b = 1 t o  

t h e  minimum. Figure 3 shows t h e  

angular  d i s t r i b u t i o n s  f o r  energy 

E 

b = 1 and b = 1.73, s a t i s f y i n g  Eq. 

1 h 

= 10l2 ev, N = 10, and two va lues  L 

(12). 
F igure  3 .  Angular d i s t r i b u t i o n s  .of 
secondary p a r t i c l e s  f o r  var ious  degrees  
of  nonuni f ormi t y . 
b = 1 ( s o l i d  l i n e ) ;  b = 1.73 (dashed l i n e )  

3 .  Other Proofs  of t h e  Exis tence of  F i r e b a l l s  

S. A. S l ava t in sk iy  [5] has  advanced severa l  new arguments i nd ica t ing  h i s  

opinion t h a t  he i s  i n  favor  of t h e  occurrence of one f i r e b a l l .  

t h e s e  arguments. 

L e t  u s  l ist 

1. The value of t h e  c o e f f i c i e n t  of i n e l a s t i c i t y ,  K ,  0.5, i s  comparatively 

low. 

2. There i s  i n e q u a l i t y  between t h e  c o e f f i c i e n t s  of i n e l a s t i c i t y  i n  t h e  

l abora to ry  (K )and  mir ror  (KM) systems of coordinates .  L 

3. There i s  a s p e c i f i c  system of  coord ina tes  ( the  M-system) d i f f e r e n t  

from t h e  C-system, i n  which t h e  divergence is c l o s e  t o  i so t rop ic .  
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4. The shape o f  t h e  energy spectrum (c lose  t o  a Planckian d i s t r i b u t i o n )  

i n  t h e  M-system. 

5. The mean m u l t i p l i c i t y  a t  ene rg ie s  of  about 250 G e V  (when, i n  accordance 

with t h e  conception, one , f i r e b a l l  forms), have approximakely h a l f  t h e  m u l t i p l i c i t y  of 

double-hump showers, i n t e r p r e t e d  as t h e  formation of two f i r e b a l l s .  

It  seems t o  u s  t h a t  t h e s e  arguments have no r e l a t i o n  t o  t h e  problem of t h e  

ex i s t ence  of  f i r e b a l l s ,  and t h a t  some of  t h e s e  conclusions present  t h e i r  adher- 

e n t s  wi th  q u i t e  complex ques t ions ,  t o  which it i s  d i f f i c u l t  t o  f i n d  answers a t  

t h i s  t i m e .  L e t  us ,  f irst  o f  a l l ,  look a t  po in t s  1 through 4 .  They a l l  equate  /SO 

t o  a completely def ined energy, some (2 t o  31-10 ev [51. But i s  i s  apparent 

t h a t  f i r e b a l l s  can occur f o r  any c o e f f i c i e n t  o f  i n e l a s t i c i t y  ( K >  0 )  when t h e  

condi t ion  i s  KM = 5 and i n  p r i n c i p l e  can have an angular  and energy d i s t r i b u -  

t i o n  ( s a t i s f y i n g  t h e  l a w s  of conservat ion,  of course) .  There are no kinematic 

l i m i t a t i o n s  on these  c h a r a c t e r i s t i c s ;  The t h e o r e t i c a l  fo recas t s ,  based on con- 

s i d e r a t i o n  of  t h e  dynamics of  t h e  processes ,  are d e f i n i t e  enough t o  serve  as 

persuasive arguments. 

- 
11 

The s i t u a t i o n  i s  even more complicated i f  cons idera t ion  i s  given t o  t h e  

c h a r a c t e r i s t i c s  (paragraphs 1 and 2 )  i n  terms of  energy E W e  know (see [12], 

f o r  example) t h a t  t h e  value K N  0.5 is re t a ined  over  a very wide range of E 

energ ies ,  3 t o  1000 G e V .  Question. Why i s  i t  t h a t  t h e  va lue  K, 0.5 i s  assoc i -  

a t ed  with t h e  occurrence of  f i r e b a l l s  when t h e  ene rg ie s  are from 200 t o  300 G e V ,  

ye t  t h i s  proper ty  i s  r e t a ined  when t h e  occurrence of f i r e b a l l s  i s  not  a t o p i c  

of d i scuss ion  when ene rg ie s  a r e  EL < 10 GeV? 

appl ied  t o  t h e  property K 

ene rg ie s  (1.5 G e V ,  f o r  example C13.J). 

L' 
L 

This  same cons idera t ion  can be 

# KM, which shows up c l e a r l y ,  even a t  very low L 

It should be pointed out  wi th  respec t  t o  t h e  energy spectrum of secondary 

p a r t i c l e s  t h a t  t h e  Planckian d i s t r i b u t i o n  does not desc r ibe  t h e  fastest IT- 

mesons observed i n  C51. To expla in  them c a l l s  f o r  t h e  in t roduc t ion  of a new 

hypothesis ;  t h e  occurrence of an i soba r  with a c r o s s  s e c t i o n  c l o s e  t o  t h e  t o t a l  

c r o s s  sec t ion .  Although t h e r e  are c e r t a i n i n d i r e c t  arguments5 i n  favor of t h e  

5. The most persuasive argument, i n  our  view, fo l lows  from an a n a l y s i s  
of t h e  p rope r t i e s  of cosmic p-mesons [14]. 
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1 

frequent occurrence of i s o b a r s  when energ ies  a r e  very  high,  never the less ,  a t  

t h i s  t i m e  t h i s  property is still only  a hypothesis.  The ex is tence  of a quasi-  

i s o t r o p i c  system of  coord ina tes  t o o  can be explained by t h e  d i s t r i b u t i o n  of 

t r a n s v e r s e  momenta (see C61) . 
L e t  u s  move on t o  t h e  l a s t  argument (paragraph 5) .  The m u l t i p l i c i t y  i n  

terms of  E is not assoc ia ted  with t h e  ex is tence  of f i r e b a l l s ,  i n  and of i t se l f .  

For example, hydrodynamic t h e o r y  p r e d i c t s  approximately t h e  same q u a n t i t a t i v e  

m u l t i p l i c i t y  re la t ionship .  The m u l t i p l i c i t y  d i s t r i b u t i o n  i n  t h e  case  of a 

s p e c i f i e d  energy of some 10l2 ev is more i n t e r e s t i n g .  

f i r e b a l l s  should form i n  t h i s  energy region, depending on t h e  concentrat ions.  

The share  of t h e  lltwo f i r e b a l l "  showers is approximately 0.3 t o  0 . 5 ,  according 

t o  var ious  estimates (see [5]). 
m u l t i p l i c i t y  d i s t r i b u t i o n  f o r  f i x e d  energy i n  t h i s  case.  In  f a c t ,  c e r t a i n  

f l u c t u a t i o n s  i n  t h e  m u l t i p l i c i t y  should be observed as each f i r e b a l l  decays. 

W e  s h a l l  assume t h a t  t h e s e  f l u c t u a t i o n s  can be descr ibed by Poisson 's  l a w  f o r  

purposes of def in i teness .  Then t h e  func t ion  f ( N )  descr ib ing  t h e  m u l t i p l i c i t y  

d i s t r i b u t i o n  w i l l  be i n  t h e  form 

L 

Not only  one, but  two 

One should be a b l e  t o  observe a very unique 

where - 
N - 8 is t h e  average number of secondary charged p a r t i c l e s  i n  t h e  decay of 

one f i r e b a l l  ; 

cy i s  t h e  share  o f  "one f i r e b a l l ' !  showers. 

It is obvious t h a t  t h i s  d i s t r i b u t i o n  has  two maxima ( i f  (Y # 0, o r  (Y = 1). Figure 

4 shows Eq. (13) f o r  = 0.5. The experimental data obtained during t h e  f r a g -  

mentation of primary heavy n u c l e i  are shown i n  t h e  form of a curve,  and a com- 

par ison of t h e  curves w i l l  show t h a t  they have nothing i n  common, although it 

should be pointed out  t h a t  t h e  experimental s t a t i s t i c s  a r e  t o o  meager t o  con- 

s i d e r  t h e  judgment as f i n a l .  

I n  conclusion, it must be emphasized t h a t  although t h e  c h a r a c t e r i s t i c s  

enumerated i n  t h e  foregoing apparent ly  have no r e l a t i o n  t o  proof of t h e  ex is tence  
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of f i r e b a l l s ,  they  can p lay  an important r o l e  i n  explaining t h e  p r o p e r t i e s  of 

f i r e b a l l s ,  if t h e i r  ex is tence  can be proven by using o t h e r  methods. 

Figure 4. M u l t i p l i c i t y  d i s t r i b u t i o n  f o r  s p e c i f i e d  energy. 

The computed curve (-) is from Eq. (13) f o r  cy = 0.5. 
The experimental  d a t a  (----- ) w e r e  s e l e c t e d  from a so-cal led 
" r ich  family" [ 151 obtained during t h e  fragmentation of 
heavy nucle i .  

4. Methodology f o r  F i r e b a l l  Searches 

Because o f  t h e  h e u r i s t i c  va lue  of t h e  conception of f i r e b a l l s ,  w e  s h a l l ,  

a t  t h i s  point  introduce c e r t a i n  cons idera t ions  with respec t  t o  a methodology 

f o r  f i r e b a l l  searches,  understanding them t o  be resonances with g r e a t  masses. 

It goes without saying, t h a t  t h e s e  cons idera t ions  are a very s impl i f ied  arrange- 

ment, an o u t l i n e  of a methodology f o r  de tec t ing  f i r e b a l l s .  

6 

The i n v e s t i g a t i o n  of resonances has  t o  begin with a d e f i n i t i o n  of t h e  hypo- 

t h e s i s  descr ibing resonance. Y e t ,  today, f i r e b a l l s  a r e  given so many d i f f e r e n t  

c h a r a c t e r i s t i c s  t h a t  t h e i r  q u a n t i t a t i v e  i n v e s t i g a t i o n  i s  impossible without more 

or  less strict d e f i n i t i o n s .  Therefore,  t h e r e  must be a c lear -cu t  formulation of 

t h e  p r i n c i p a l  c h a r a c t e r i s t i c s  of  f i r e b a l l s  before  experimental  v e r i f i c a t i o n  i s  

undertaken. We s h a l l  assume t h a t :  

(a) 

(b) 

t h e  number of f i r e b a l l s  is equal t o  1 o r  2; 

t h e  angular  d i s t r i b u t i o n  i n  t h e  M-system is i s o t r o p i c ;  
~ ~~~ 

6. There is a point  of  view C161 t h a t  f i r e b a l l s  do not  have d i s c r e t e  
quantum numbers. I n  t h i s  case it is e x t r a o r d i n a r i l y  d i f f i c u l t  t o  d e t e c t  f i r e b a l l s  
dependably ( i f  they e x i s t ) .  If t h i s  po in t  of view proves t o  be c o r r e c t ,  t h e  two 
m a x i m a  f o r  t h e  m u l t i p l i c i t y  d i s t r i b u t i o n  curve,  f o r  example, can prove t o  be 
p r a c t i c a l l y  insoluble .  

31 



( c )  t h e  energy d i s t r i b u t i o n  i n  t h e  M-system can be  expressed by a Planckian 
7 func t ion ,  o r  by a 6-function; 

(d)  t h e  d i r e c t i o n  i n  which t h e  f i r e b a l l s  move co inc ides  with t h e  d i r e c t i o n  

i n  which t h e  primary p a r t i c l e s  are moving; 

a (e) t h e r e  are no i sobars .  

The search  f o r  f i r e b a l l s  must be broken down i n t o  two per iods :  ( a )  d e f i n i t i o n  

of t h e  physical c h a r a c t e r i s t i c s  e s t a b l i s h i n g  t h e  proof of t h e i r  ex is tence ;  and 

(b)  eva lua t ion  of t h e  accuracy needed f o r  measuring t h e s e  c h a r a c t e r i s t i c s .  

be pointed out i n  connection wi th  t h e  f i r s t  of t h e s e  is t h a t  t h e  search i s  prim- 

a r i l y  f o r  t hose  c h a r a c t e r i s t i c s  without dependence on t h e  energy of t h e  primary 

p a r t i c l e s ,  Eo, i f  t h e  l a t t e r  exceed some th re sho ld  va lue  corresponding t o  t h e  

appearance of f i r e b a l l s .  Included, f o r  example, can be  t h e  m a s s  of an assumed 

bunch, t h e  energy-momentum d i s t r i b u t i o n  i n  some s e l e c t e d  s y s t e m  of coord ina tes  

(with system establishment not  dependent on E 1, and t h e  d i s t r i b u t i o n  of t h e  

transverse momenta i n  terms of t h e  m u l t i p l i c i t y .  The i n v e s t i g a t i o n  of t h e  m u l t i -  

p l i c i t y  d i s t r i b u t i o n  f o r  s p e c i f i e d  E and information on t h e s e  d i s t r i b u t i o n s  

when t h i s  parameter i s  changed, are of i n t e r e s t .  

To 

0 

0' 

So f a r  as t h e  second of t h e s e  is  concerned ( t h e  eva lua t ion  of accuracy),  

l e t  u s  in t roduce  c e r t a i n  lead ing  cons idera t ions .  L e t  u s  review two v a r i a n t s  of 

t h e  d i s t r i b u t i o n  of showers i n  terms of t h e  'basses of t h e  bunches." 

1. L e t  t h e r e  be a quasi-aomtinuous series of The d i s t ance  

between s p e c i f i c  l i n e s  (SU c l a s s i f i c a t i o n )  w i th in  one supermul t ip le t  is  about 

0 . 1 M  (where M i s  t h e  mean m a s s  of t h e  p a r t i c l e s  f o r  t h e  p a r t i c u l a r  supermul t ip le t ) .  

W e  s h a l l  assume t h a t  i n  t h e  C - s y s t e m  a l l  secondary p a r t i c l e s '  form a s i n g l e  f i r e -  

b a l l ,  so t h a t  

3 

I CPi  I (< I I M-CC, 

7. S ince  t h e  Planck func t ion  has  a sharp  maximum, it can be assumed, 
f o r  t h e  e s t ima tes ,  t h a t  t h e  momentum of secondary p a r t i c l e s  i n  t h e  M-system 
is equal t o  t h e  mean value. 

8. 
hypotheses. 

9. 

The methods proposed i n  what follows can a l s o  be used t o  v e r i f y  o t h e r  

Perhaps a f t e r  t h e  deduction of t h e  primary nucleons. 
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and t h e  e r r o r  is 

Needed f o r  t h e  s o l u t i o n  is 

8~ 0.1 M: (14) 

2. L e t  t h e r e  be a f i r e b a l l ,  " i so la ted"  i n  terms of m a s s .  The.weaker 

condi t ion  

6M*< M. (15) 
should then b e  s a t i s f i e d .  A t  t h i s  point  i t  is he lpfu l  t o  point  ou t  t h a t  when 

i n v e s t i g a t i n g  resonances t h e r e  is another c h a r a c t e r i s t i c  magnitude, t h e  width 

r of a "resonantf '  l i n e ,  equal t o  150 MeV, approximately. If r < 0.1 M, measure- 

ment accuracy needed is  even higher ,  a n d .  is determined by t h e  q u a n t i t y  

I-. On t h e  o t h e r  hand, i f  t h e  ex is tence  of a supermult iplet  as a whole is  in-  

ves t iga ted  (within t h e  SU c l a s s i f i c a t i o n  framework), t h e  c h a r a c t e r i s t i c  width 3 
( t h e  d ispers ion  of t h e  m a s s  wi th in  t h e  l i m i t s  of  t h e  supermul t ip le t )  is very 

g r e a t ,  about 0.2 t o  0 .3  M. 

L e t  u s  consider  t h e  quest ion of  t h e  f e a s i b i l i t y  of  a r r i v i n g  a t  t h e  necessary 

accuracy, using t h e  approximate constancy of  t h e  average transverse momentum We shall 

use  t h e  approximations f o r  t h e  d i s t r i b u t i o n  of t r a n s v e r s e  momenta of Eq. 

purposes of s impl ic i ty .  Now t h e  d ispers ion  i s  

( 3 )  f o r  

D=*o 

and t h e  root-mean-square e r r o r  is 

- W- 150 MBB-p, ; N- 15. 
When E = ev 

0 

Let u s  point  out  t h a t  i n v e s t i g a t i o n  of t h e  d i s t r i b u t i o n  of t h e  masses of t h e  

resonances i s  t h e  most r e l i a b l e  t o o l  f o r  proving t h e i r  exis tence.  However, as 

w i l l  be seen from t h e  assessment made e a r l i e r ,  t h i s  method required extremely 

accura te  determination of t h e  c h a r a c t e r i s t i c s  of t h e  secondary p a r t i c l e s .  This  

is why it is  expedient t o  f i n d  o t h e r  approaches t o  t h e  s o l u t i o n  t o  t h i s  problem. 

The following method, i n  p a r t i c u l a r ,  can be pointed out.  C a s e s  t h a t ,  because of 

ind iv idua l  outward s igns ,  can b e  t r e a t e d  as t h e  consequence of t h e  occurrence of 

a f i r e b a l l ,  are s e l e c t e d  from t h e  e n t i r e  set. P a r t i c l e s  belonging t o  one c e n t e r  

L34 
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should be discarded i n  t h e s e  cases (on a r e l a t i v e l y  a r b i t r a r y  b a s i s ,  perhaps). 

yM must then be computed through 

(pi1 - VM ei)  -00, (17) 

where 

is t h e  v e l o c i t y  of  t h e  f i r e b a l l  i n  t h e  C-system; 

i s  t h e  component of t h e  mnentum o f  t h e  i n  particle i n  t h e  

d i r e c t i o n  i n  which t h e  primary is moving. 

vM 

Pi  II 

A l l  p a r t i c l e s  belonging t o  one center are summed. 

I n  t h e  M-system, which is e s t a b l i s h e d  by t h e  condi t ion  of  Eq. (17), t h e  

angular  d i s t r i b u t i o n  is assumed t o  be i s o t r o p i c ,  and t h e  energy d i s t r i b u t i o n  is. 

t h a t  corresponding t o  an a p r i o r i  d i s t r i b u t i o n  ( t h a t  of a Planckian funct ion,  a 

&-funct ion,  and t h e  l i k e ,  f o r  example). L e t  u s  eva lua te  t h e  e r r o r  i n  f i x i n g  y 

i f  ( i n  some system of  coord ina tes )  t h e  mean e r r o r  i n  e s t a b l i s h i n g  t h e  momentum of 

secondary p a r t i c l e s  equals  dp. Assuming, f o r  purposes of making t h e  eva lua t ions ,  

t h a t  p~ = p i  = Q , w e  o b t a i n  

M 

v M - I - - ;  P 
9 

I n  t h i s  approximation it is easy  t o  eva lua te  t h e  e r r o r  dp 
momentum 
some system with a y 

i n  t h e  mean value of the i M  
i n  t h e  M-system i f  t h e  e r r o r  i n  t h e  determinat ion of t h e  momentum i n  

value i s  given M 

The d e r i v a t i o n  of t h i s  expression assumed a d d i t i o n a l l y  t h a t  yM % 1. 

Angular d i s t r i b u t i o n .  L e t  us consider  how e r r o r s  i n  e s t a b l i s h i n g  mo- 

menta r e f l e c t  on t h e  parameter of  t h e  d i s t r i b u t i o n s  a t t r i b u t a b l e  t o  t h e  assumed 

occurrence of f i r e b a l l s ,  assuming t h a t  e r r o r s  i n  e s t a b l i s h i n g  t h e  angles  can be 

ignored. I f  t h e  v e l o c i t y  of secondary p a r t i c l e s  i s  fj = 1 f o r  a l l  p a r t i c l e s ,  

t h e  summed angular  d i s t r i b u t i o n  can be a t t r i b u t e d  t o  t h e  va lues  yIM, ..., ykEl 

/35 - 
M 
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are t h e  Lorentz f a c t o r ,  and t h e  number of p a r t i c l e s  kM (YkM' and nlM, ..., n 

i n  t h e  kih c e n t e r ) .  

For  example, t h e  summed angular  d i s t r i b u t i o n  of  two f i r e b a l l s  is  defined by 

t h e  first t h r e e  momentp of t h e  angular  d i s t r i b u t i o n  uniquely assoc ia ted  with t h e  

magnitudes ylM [l7]. 
t h e  magnitudes on t h e  c h a r a c t e r i s t i c  curve f o r  t h e  angular  d i s t r i b u t i o n  f o r  t h e  

following assumptions: 

(c )  y, % 1. 

expectat ion T of t h e  q u a n t i t y  

L e t  u s  f u r t h e r  consider  t h e  effect of e r r o r s  i n  determining 

(a) t h e  number of f i r e b a l l s  equals  one; (b)  y, = yM = b ;  

Now t h e  a n g u l a r  d i s t r i b u t i o n  can be found through t h e  mathematical 

[18] 

2 1 n 2 - l n ( m 2 - l ) - m l n  m + l  - T(X) = - 4.6 ' I  ( m - 1  )]-1n9M* 

where 

m = V,/P,; fjEI 

For our  assumptions 

is t h e  v e l o c i t y  of t h e  secondary p a r t i c l e s  i n  _he 

ms ~ L U  dm--- 
TM 

When m N 1.4, w e  ob ta in  

Using Eq. (171, w e  o b t a i n  
d7 - - (0,5 -- 
T 

(19) 

. system. 

(20) 

(21 1 

(22) 

Thus, i f  it is put t h a t  t h e  r a t i o  is dT/T- 0.1, t h e  systematic  e r r o r  m u s t  be 

6 - - - 0.1 - 0.2. 
P 

Eq. (21) is r e a d i l y  general ized f o r  t h e  c a s e  when two f i r e b a l l s  occur. For 

example, when both bunches i n  t h e  C-system s c a t t e r  a t  d i f f e r e n t  v e l o c i t i e s ,  and 

nlM = nm, w e  must use  t h e  theorem f o r  t h e  mathematical expectat ion of a sum of 

random q u a n t i t i e s ,  and t h e  r e l a t i o n s h i p s  

where - 
y, is t h e  Lorentz f a c t o r  f o r  t h e  bunch i n  t h e  C-system; 

are t h e  Lorentz f a c t o r s  f o r  both bunches i n  t h e  L-system. k, 2 
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Energy d i s t r i b u t i o n .  By us ing  Eq. (18) one can r e a d i l y  a s s e s s  t h e  per- - / 3  6 
miss ib l e  e r r o r  i n  t h e  determinat ion of p 

a l l  p 

Planckian d i s t r i b u t i o n ) .  What fo l lows  from Eq. (18) is t h a t  t h e  r e l a t i v e  e r r o r s  

i n  measuringthe momentain both systems (M and L) are approximat.ely t h e  same. 

But i t  i s  fa r  and away more convenient and simpler t o  make t h e  measurements f o r  

t h e  f i r e b a l l  f l y i n g  i n  a d i r e c t i o n  oppos i te  t o  t h a t  i n  which a primary p a r t i c l e  

is moving. For example, if EL = 10l2 ev  and y = 2, then  yM = 80, and yM = 7. 

Consequently, momenta of p a r t i c l e s  of a "slow" ( i n  t h e  L-system) f i r e b a l l  a r e  fewer 

than  i s  t h e  case f o r  a f a s t  one by a f a c t o r  of approximately 10. 

( i n  t h e  L-system) f o r  t h e  case  when 

are equal ( t h e  o rde r  of magnitude of t h e  eva lua t ion  i s  re t a ined  f o r  a 
i 

i M  

1 2 M 
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THE INVESTIGATION OF CASCADE SHOWERS 
I N  A HORIZONTAL FLUX OF COSMIC RAYS 

V. V. Borog, V. G. Kirillov-Ugryumov, 
A. A. Petrukhin,  V. K. Chernyatin, V. V. Shestakov 

ABSTRACT. The i n v e s t i g a t i o n  of t h e  ho r i zon ta l  f l u x  of  cosmic 
r ays  is continued us ing  an i o n i z a t i o n  calorimeter t o  record 
cascade showers. The r e s u l t s  of t h e  ope ra t ion  of  t h e  in- 
s t a l l a t i o n  i n  t h e  sp r ing  of 1968 are analyzed. 

This  paper is a con t inua t ion  of  t h e  i n v e s t i g a t i o n  of  t h e  ho r i zon ta l  f l u x  of /37 - 
cosmic r a y s  conducted by t h e  p-meson group of t h e  MIFI [Moscow Engineering 

Physics I n s t i t u t e ]  [ 1, 21. An i o n i z a t i o n  calorimeter (F igure  1 1 ,  cons i s t ing  of 

s i x  rows o f  I K - 6  i on iza t ion  chambers, w a s  used to record t h e  cascade showers. 

The axes  o f  chambers i n  ad jacent  rows are mutually perpendicular,  and t h e  working 

su r face ,  with an area of  9 m , i s  v e r t i c a l .  The i r o n  absorber between rows is of  

t h e  o rde r  of  5 rad  u n i t s  t h i ck .  The e l e c t r o n i c  system is such t h a t  t h e  passage 

of  60 ana more r e l a t i v i s t i c  e l e c t r o n s  through t h e  chamber can be recorded wi th  

confidence. The p o s i t i o n  o f  t h e  shower a x i s ,  encompassing seve ra l  rows, can be  

f i x e d  approximately by a coord ina te  g r i d  formed by t h e  i o n i z a t i o n  chambers, and 

2 

138 

Figure  1. Schsmatic diagram of  t h e  
i n s t a l l a t i o n  (K i s  t h e  i o n i z a t i o n  
ca lor imeter ;  A, B, and C are 
hodoscopic de t ec to r s ) .  

more p r e c i s e l y  wi th  t h e  h e l p  of hodo- 

scopic d e t e c t o r s  A and B ( see  F igure  1) .  

Each d e t e c t o r  i s  a set o f  96 c e l l s  com- 

b in ing  s i x  GS-30 gas discharge counters.  

C e l l  dimensions are 20 x 60 c m .  Detector 

C p r o t e c t s  t h e  ca lo r ime te r  aga ins t  t h e  

v e r t i c a l  f l u x  of  cosmic r ays  when t h e  

con t ro l  u n i t  i s  connected t o  t h e  ant i -  

coincidence channel. 

W e  s h a l l  p resent  he re  an a n a l y s i s  of 

t h e  r e s u l t s  of t h e  opera t ion  of t h e  in-  

s t a l l a t i o n  i n  t h e  spr ing  of 1968. The 

i n s t a l l a t i o n  w a s  i n  u se  i n  two modes for  

850 hours. The con t ro l  u n i t ,  f o r  a l a r g e  
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I I TABLE 2 

-~ 

Accompaniment i n  d e t e c t o r  C 

Tota l  

6 7 
130 4 

mul t ip l e  showers t o  select t h i s  magnitude as t h e  threshold.  

Eighteen mul t ip l e  even t s  w e r e  recorded i n  850 hours  of  exposure. Table 2 

shows t h a t  a t  least some of them, accompanied by t h e  func t ioning  of a s m a l l  num- 

b e r  of  counters  i n  d e t e c t o r  C, owe t h e i r  occurrence t o  t h e  v e r t i c a l  f lux .  

There w e r e  e igh t  mu l t ip l e  showers not accompanied by t h e  func t ioning  of 

d e t e c t o r  C. Table 3 lists t h e i r  c h a r a c t e r i s t i c s .  Y e t  even they cannot be 

caused by t h e  p r a c t i c a l l y  p a r a l l e l  moving p a r t i c l e s  i n  t h e  ho r i zon ta l  f l u x  

(60" s' 0 s' go") ,  o r  t hose  moving a t  angles  of from 0 t o  60".  

cumstance i s  as soc ia t ed  wi th  t h e  f a c t  t h a t  t h e  c e l l s  of d e t e c t o r  C span but 50% 

o f  t h e  area o f  t h e  ho r i zon ta l  p ro j ec t ion  of t h e  i n s t a l l a t i o n  ( t h e r e  is gene ra l ly  

no pro tec t ion  f o r  t h e  i n s t a l l a t i o n  aga ins t  t r ansve r se  showers),  and t h e  e f f i c i e n c y  

o f  recording of  s t rong ly  i n t e r a c t i n g  high-energy p a r t i c l e s  is c l o s e  t o  uni ty .  

The ion iza t ion  a t t r i b u t a b l e  t o  each of  t h e  mul t ip l e  showers i n  events  4,  6 and 7 
( see  Table 3 )  w a s  observed i n  a group of  t h r e e  t o  f o u r  chambers, c h a r a c t e r i s t i c  

of  showers g r e a t l y  i n c l i n e d  toward t h e  plane of t h e  i n s t a l l a t i o n ' s  working sur-  

face. These cons ide ra t ions  cast doubt on t h e  connection between t h e  mul t ip l e  

showers recorded and t h e  groups of  h-mesons i n  t h e  ho r i zon ta l  f lux.  

This  l a t t e r  c i r -  

A c h a r a c t e r i s t i c  f e a t u r e  of  t h e  major i ty  of  t h e  recorded mul t ip l e  showers /44 
i n  each case i s  t h e  s m a l l  magnitude of  one of  them c l o s e  t o  t h e  threshold  of 

s e n s i t i v i t y  of t h e  ind iv idua l  channels  (60 r e l a t i v i s t i c  e l ec t rons ) .  When t h e  

r e s u l t s  obtained are compared wi th  t h e  da t a  i n  [41 ,  t h i s  d i f f e rence  i n  t h e  

power of mul t ip l e  showers i n  both papers  mus t  be given s p e c i a l  emphasis. If 

mul t ip l e  showers neve r the l e s s  are caused by electromagnet ic  i n t e r a c t i o n s  o f  

groups of  p-mesons, t h i s  can be explained q u i t e  r e a d i l y  by t h e  d i f f e rence  i n  

t h e  materials used f o r  t h e  absorbers  i n  t h e  i n s t a l l a t i o n s  ( l ead  and i ron ) .  The 

p r o b a b i l i t y  of an electromagnet ic  i n t e r a c t i o n  i s  propor t iona l  t o  t h e  r a t i o  
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6 Q 4 5 O m m  
m a l m  
*#.I x 0, n a d  

1 

1 i  I I 1 

140 1 373027 - - 

2 380078 - - - 
3 381043 130-240 410 - 

4 393025 - - 570-160 

5 404071 i - 190 

6 ‘440033 - - 150-150 

370-210 7 446007 - - 
- 8 ~450064 - - 

I 

250-340 540 30 11 15 0-85 

4 1 10-85 

210 2 2 15-75 

110 330-130 150 

- 

- 150 5 8 0-75 

5 0-55 

- 180 1 2 0-75 

- 

210-1680 110-230 . 30-270 2 

- 

480 - 60 1 5 0-80 

14Q-I70 30 1 3 10-65 - 

$ , 



2 z2/A, and t h e  p r o b a b i l i t y  of a double i n t e r a c t i o n  t o  (2 /AI2. For lead (Z2/A) 

M 32, and f o r  i r o n  (2 /A) - 12. Thus, t h e  p r o b a b i l i t y  of a double i n t e r a c t i o n  

i n  i r o n  is less than it is i n  l e a d  by a f a c t o r  of about 7. And i f  cons idera t ion  

is given t o  t h e  fact t h a t  t h e  number of cascade p a r t i c l e s  i n  a shower of speci-  

f i e d  energy i n  i r o n  is less t h a n  it is i n  lead by a f a c t o r  of  about 2, and 

the fall-off 

double i n t e r a c t i o n  i n  i r o n  should decrease f u r t h e r ,  by a f a c t o r  of 15. Accord- 

ing ly ,  t h e  p r o b a b i l i t y  of t h e  appearance o f  mul t ip le  showers with an i d e n t i c a l  

number of  cascade p a r t i c l e s  i n  i r o n  is less than i n  l e a d  by a t  l e a s t  a f a c t o r  

of 2. 

of t h e  f a c t  t h a t  t h e r e  are no mechanisms f o r  t h e  formation of t h e s e  showers 

t h a t  do not  depend on t h e  mater ia l .  

2 

of t h e  p-meson energy spectrum is noted, t h e  p r o b a b i l i t y  of a 

Thus, t h e  absence of  high-power mul t ip le  showers can only  be i n d i c a t i v e  
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PROSPECTS FOR THE INVESTIGATION 
O F  HIGH-ENERGY COSMIC /.b-MESONS 

V. G. Kirillov-Ugryumov, A. A. Petrukhin 

ABSTRACT. B a s i c  problems involved i n  f u t u r e  i n v e s t i g a t i o n s  of 
cosmic G-mesons are reviewed. 
t o  t h e  p o s s i b i l i t y  of e s t a b l i s h i n g  t h e  percentage o f  K-mesons 
i n  terms of angular  d i s t r i b u t i o n  of W-mesons, and t o  t h e  
nuc lea r  i n t e r a c t i o n  of p-mesons. 
from i n v e s t i g a t i o n s  made of cosmic p-mesons up t o  1968, are 
included. 

P a r t i c u l a r  a t t e n t i o n  i s  given 

P r i n c i p a l  r e s u l t s  obtained 

The i n v e s t i g a t i o n  of  high energy p-mesons is  one of t h e  most important t a s k s  

of cosmic ray  physics. I n t e r e s t  i n  such i n v e s t i g a t i o n s  i’s based on t h e  f a c t  t h a t  

contemporary theory  cannot exp la in  t h e  na tu re  of p-mesons, nor  t h e  paradoxical 

s i t u a t i o n  wherein two p a r t i c l e s ,  a W-meson and an e l e c t r o n ,  d i f f e r i n g  i n  m a s s  by 

a f a c t o r  o f  200 ,  w i l l  i n t e r a c t  i n  i d e n t i c a l  fashion. Inves t iga t ions  of  s ta t ic  

p r o p e r t i e s  of  W-mesons, and experiments with low ene rg ie s ,  cannot po in t  t o  t h e  

road t h a t  w i l l  so lve  t h i s  p a r t i c u l a r  problem. I t  is poss ib l e  t h a t  experiments 

wi th  high ene rg ie s  can so lve  t h i s  problem. 

/45 - 

There are two bas i c  t r e n d s  i n  these  inves t iga t ions .  The first involves  t h e  

s tudy  of t h e  c h a r a c t e r i s t i c s  of t h e  f l u x  of  p-mesons i n  t h e  atmosphere, f o r  it 

can provide information on how p-mesons occur ( t h a t  is ,  on t h e  mechanics of  t h e i r  

genera t ion) .  A comparison betbeen these  da t a  and t h e  primary cosmic-ray spectrum 

w i l l  make i t  poss ib l e  t o  examine var ious  models of s t rong  i n t e r a c t i o n s  i n  t h e  

domain of superhigh energ ies .  The second involves  i n v e s t i g a t i o n  of  W-meson 

i n t e r a c t i o n .  The purpose is t o  f i n d  unusual i n t e r a c t i o n s  and t o  examine high- 

energy quantum electrodynamics . 
In what fo l lows  w e  s h a l l  review t h e  b a s i c  problems of  f u t u r e  i n v e s t i g a t i o n s  

of  cosmic p-mesons. P a r t i c u l a r  a t t e n t i o n  has  been given t o  two problems which, 

today, are of g r e a t  i n t e r e s t :  t h e  p o s s i b i l i t i e s  of e s t a b l i s h i n g  t h e  percentage 

of  K-mesons i n  t e r m s  o f  t h e  angular d i s t r i b u t i o n  of p-mesons; and t h e  nuc lea r  

i n t e r a c t i o n  of p-mesons. A p rov i s iona l  summary of p r i n c i p a l  r e s u l t s  ob ta ined  

from i n v e s t i g a t i o n s  made o f  cosmic p-mesons up  t o  1968 is included. 
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1. The Or ig in  of  b-mesons 

The fol lowing c h a r a c t e r i s t i c s  of  k-mesons i n  t h e  atmosphere can provide in-  

formation on t h e  o r i g i n  of cosmic k-mesons: 

spectrum; ( c )  charge r a t i o ;  (d) degree of p o l a r i z a t i o n ;  ( e )  t h e  parameters f o r  

groups o f  k-mesons. 

(a) angular  d i s t r i b u t i o n ;  (b) energy 

The angular  d i s t r i b u t i o n  o f  k-mesons can provide information on t h e  mechanics / 4 6  - 
12 

o f  genera t ion  between 1011 and 10 

i n  nuc lea r  i n t e r a c t i o n s ,  t h e i r  angular  d i s t r i b u t i o n  should be i s o t r o p i c  (when 

ene rg ie s  are s u f f i c i e n t l y  high,  and when absorpt ion and decay i n  t h e  atmosphere 

can be  ignored) .  

t h e  spectrum at  l a r g e  zen i th  angles  should be f l a t t e r  than  along t h e  v e r t i c a l .  

The energy range depends on p a r t i c l e  m a s s  and l i fe .  

10l2 ev for n- and K-mesons. 

means f o r  e s t ab l i sh ing  t h e  channels  f o r  p-meson product ion i s  obtained f o r  spec t r a  

a t  angles  o f  0" and 90". It should be pointed out t h a t  t h e  a v a i l a b i l i t y  of  in for -  

mation on an energy spectrum f o r  one zen i th  angle  w i l l  not  y i e l d  unique informa- 

t i o n  on channels f o r  t h e  genera t ion  of  p-mesons because t h e  energy spectrum i s  

dependent t o  a great extent on t h e  models f o r  s t rong  i n t e r a c t i o n  used i n  t h e  com- 

pu ta t ion ,  as w e l l  as  on t h e  genera t ion  mechanism. 

ev. F o r  example, i f  y-mesons o r i g i n a t e  r i g h t  

If k-mesons occur  as a r e s u l t  of t h e  decay o f  c e r t a i n  p a r t i c l e s ,  

This  range i s  from 10l1 t o  

The maximum d i f f e rence  between spec t ra ,  which provides  a 

A n  energy spectrum f o r  a ho r i zon ta l  f l u x  w a s  obtained simultaneously i n  two 

d i f f e r e n t  papers; on a magnetic spectrometer 111, and with an ion iza t ion  c a l o r i -  

meter [2]. The r e s u l t s  w e r e  i n  good concordance [3]. Re l i ab le  experimental da t a  

have been obtained up t o  ene rg ie s  of  t h e  o rde r  of  10 ev. However, n e i t h e r  of 

t h e s e  e f f o r t s  can provide information on channels f o r  t h e  generat ion of p-mesons 

without drawing on information concerning t h e  v e r t i c a l  spectrum because i n  t h e  

first inves t iga t ion  [l] t h e  range o f  zeni th  angles  covered i s  s m a l l  and t h e  

s ta t i s t ics  are sparse ,  and i n  t h e  second [2] t h e  accuracy with which t h e  zeni th  

angles  w e r e  measured is poor. 

12 

A s  of t h i s  - t i m e  t h e r e  have been over  f i f t e e n  papers  w r i t t e n  on inves t iga-  

t i o n s  made of  t h e  v e r t i c a l  spectrum i n  the  energy range above 10l1 ev by var ious 

methods. Unfortunately,  t h e  r e s u l t s  contained i n  t h e s e  papers  are very divergent  

indeed, so t h e  r e s u l t a n t  spectrum i n  t h e  10l2 ev range can on ly  be obtained when 

a l l  of t h e  papers are taken i n t o  considerat ion.  An a n a l y s i s  made i n  t h i s  manner 
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[3]  shows t h a t  t h e  m o s t  probable va lue  of t h e  index fo r  t h e  i n t e g r a l  spectrum 

of t h e  v e r t i c a l  f l u x  of p-mesons is 2.4 (at  least  up t o  2.10 

index f o r  t h e  ho r i zon ta l  spectrum, a t  least according t o  a v a i l a b l e  d a t a  [l, 21, 
is 2.0 t o  2.1, t h e  conclusion is t h a t  t h e  f l a t t e r  s lope  of t h e  ho r i zon ta l  

spectrum is i n d i c a t i v e  o f  t h e  an iso t ropy  of t h e  angular d i s t r i b u t i o n  of p-mesons, 

t h a t  is, of t h e  decaying n a t u r e  of t h e i r  generation. 

12  
ev). S ince  t h e  

However, t h e r e  h a s  been a r ecen t  paper dea l ing  wi th  t h e  i n v e s t i g a t i o n  of 

t h e  absorp t ion  curve  a t  va r ious  z e n i t h  angles  [4], from t h e  r e s u l t s  o f  which 

t h e  au tho r s  reached t h e  conclus ion  t h a t  t h e  angular  d i s t r i b u t i o n  of  high-energy 

cosmic p-mesons is p r a c t i c a l l y  i s o t r o p i c  up t o  approximately 80°.  

underground measurements always have a c e r t a i n  indeterminacy 

t h e s e  r e s u l t s  [4] are very i n t e r e s t i n g ,  and t h e  ques t ion  of  t h e  na tu re  of t h e  

angular  d i s t r i b u t i o n  (and more p r e c i s e l y ,  of t h e  degree of  i so t ropy ,  o r  aniso- 

t ropy)  i s  st i l l  an open one. 

Although 

( s e e  sect ion 21, 

- /47 

Charge r a t i o  i n v e s t i g a t i o n s  have been going on continuously f o r  many years. 

Today t h e r e  are measurements up t o  ene rg ie s  of  10l2 ev i n  v e r t i c a l ,  as w e l l  as 

i n  ho r i zon ta l  f l u x e s  of p-mesons [51. But t h e r e  is no way t o  e s t a b l i s h  t h e  

uniqueness of  t h e  generat  ion  mechanism from t h e s e  experiments because t h e  

measurements have not been accu ra t e  enough, and because of t h e  indeterminacy 

of t h e  s t rong  i n t e r a c t i o n  model 161. 

Inves t iga t ion  of p o l a r i z a t i o n  makes it poss ib l e  t o  e s t a b l i s h  t h e  percentage 

In- of  K-mesons respons ib le  f o r  t h e  formation of  W-mesons i n  t h e  lo1' ev range. 

t e n s i v e  i n v e s t i g a t i o n s  w e r e  made a few yea r s  ago. An a n a l y s i s  of t h e  r e s u l t s  

ob ta ined  [71 revealed t h a t  t h e  percentage of  K-mesons, charged, as w e l l  as 

n e u t r a l ,  i s  40 k 20% up t o  ene rg ie s  of approximately 20 GeV.  

f u t u r e  i n  making p o l a r i z a t i o n  i n v e s t i g a t i o n s  a t  h igher  ene rg ie s ,  so as of today  

they  have p r e t t y  much ceased. 

There is l i t t l e  

Unt i l  r ecen t ly ,  s tudy  of groups of  P-mesons w a s  based on work connected 

with t h e  i n v e s t i g a t i o n  of  widespread atmospheric showers [81. The e x i s t e n c e  . 

of groups w a s  v i r t u a l l y  ignored i n  t h e  work done on i n v e s t i g a t i n g  t h e  charac- 

ter is t ics  of f l u x e s  of cosmic p-mesons. Consideration of  t h e i r  ex i s t ence  is 

p a r t i c u l a r l y  important a t  high ene rg ie s ,  when p-mesons very seldom put i n  an 

appearance, and then  only  i n  groups. The use  of an i n s t a l l a t i o n  with an area 
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of up  t o  t e n s  of  square meters is suggested because seve ra l  p-mesons can f a l l  

on it simultaneously. It is p o s s i b l e  t h a t  he re in  is t h e  reason fo r  t h e  sha rp  

divergence i n  t h e  r e s u l t s  o f  t h e  va r ious  experiments conducted i n  t h e  energy 

ranges  above 10 ev. 
12 

2. I n t e r a c t i o n  o f  tl.-Mesons 

The following processes  o f  t h e  i n t e r a c t i o n  o f  p-mesons have been s tud ied  

i n  cosmic rays :  (a )  nuc lea r  s c a t t e r i n g ;  (b) e l e c t r o n  s c a t t e r i n g ;  ( c )  t h e  

formation of e l ec t ron -pos i t ron  p a i r s ;  (d)  bremsstrahlung; (e) nuc lea r  i n t e r -  

act ion. 

The f i r s t  process h a s  not  y e t  been inves t iga t ed  i n  cosmic r a y s  because 

p-meson beams have appeared i n  a c c e l e r a t o r s  where t h e  domain of t r ansmi t t ed  

p u l s e s  a t t a i n e d  of  some 1 G e V / c  is completely u n r e a l i s t i c  f o r  experiments i n  

cosmic rad ia t ion .  

F-meson-electron s c a t t e r i n g  is being inves t iga t ed  i n  cosmic r ays ,  as w e l l  

as i n  acce le ra to r s .  As d i s t ingu i shed  from t h e  f i r s t  p rocess ,  t h e  p a r t i c l e s  

t ak ing  p a r t  i n  it i n t e r a c t  on ly  e lec t romagnet ica l ly ,  so  t h e  p a r t i c u l a r  process /48 
is t h e  on ly  one t h a t  can be used t o  examine t h e  quantum electrodynamics of  t h e  

p-meson i n  pure form. 

i n  an experimental va lue  f o r  t h e  c ros s - sec t ion  greater than  t h e  t h e o r e t i c a l  ( t h e  

upper l i m i t  f o r  t h e  energy t r a n s m i t t e d  t o  t h e  e l e c t r o n  of  some 20 G e V )  [9]. Work 

on a c c e l e r a t o r s  has  agreed wi th  t h e  theory ,  but has not  ye t  reached t h e  energy 

domain i n  which anomalies i n  cosmic r ays  have been observed (upper l i m i t  3.4 

GeV) [lo]. 

- 

Much of  t h e  work done wi th  cosmic r a d i a t i o n  has r e s u l t e d  

Inves t iga t ion  o f  t h e  formation of  e lec t ron-pos i t ron  p a i r s  i n  t h e  c a s e  of 

high t r ansmi t t ed  ene rg ie s  i s  made very d i f f i c u l t  because of t h e  admixture of 

p a i r s  from t h e  y-quanta of  bremsstrahlung from t h e  p-mesons, t h e  c ross -sec t ion  

of  which i s  g r e a t e r  than  t h e  c ros s - sec t ion  f o r  t h e  formation of  t h e  p a i r s  by two 

o r d e r s  of magnitude. 

Resu l t s  are con t r ad ic to ry ,  and t h e  use  of  d i f f e r e n t  t h e o r e t i c a l  formulas t o  

ana lyze  t h e  da t a  obta ined  makes a comparison d i f f i c u l t .  

The experiments w e r e  conducted using low energy p-mesons. 

The p a i r  formation c ross - sec t ion  is q u i t e  l a r g e  i n  t h e  case of l o w  t r ans -  

mi t t ed  energ ies ,  but t h i s  domain i s  of  i n t e r e s t  f o r  t h e  recording of  superhigh- 
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energy b-mesons, and not f o r  i n t e r a c t i o n  inves t iga t ion .  This  p o s s i b i l i t y  h a s  

been under a c t i v e  d iscuss ion  i n  recent  yea r s  and t h e  corresponding i n s t a l l a t i o n s  

have been designed, but no r e s u l t s  have been published, as yet .  

Bremsstrahlung is t h e  fundamental p rocess  respons ib le  f o r  t h e  formation of  

e lectromagnet ic  cascade showers of  high-energy b-mesons. Today, cascade showers 

are used f o r  t h e  r e s t o r a t i o n  of  t h e  b-meson energy spectrum [ll]. 

bremsstrahlung c r o s s  s e c t i o n  i s  taken as known. 

i s  measured i n  independent experiments,  t h e  p o s s i b i l i t y  of  e s t ab l i sh ing  t h e  c r o s s  

s e c t i o n  up t o  ene rg ie s  of 10 ev develops [12]. 

And t h e  

If t h e  b-meson energy spectrum 

12 

Inves t iga t ion  of t h e  nuc lear  i n t e r a c t i o n  of w-mesons, something t h a t  w i l l  

YN 
make it poss ib l e  t o  determine t h e  c r o s s  sec t ion  of t h e  photonuclear process  0 

a t  energ ies  exceeding t h e  c a p a b i l i t i e s  of modern a c c e l e r a t o r s  by two o r d e r s  of  

magnitude, is  of  i n t e r e s t .  E s t i m a t e s  o f  t h e  c r o s s  sec t ion  u up t o  energ ies  

of 300 G e V  w e r e  obtained i n  experiments c a r r i e d  out  i n  cosmic r ad ia t ion  [13], 

whereas only  ene rg ie s  up t o  5 G e V  w e r e  poss ib le  i n  a c c e l e r a t o r s  [14]. A com- 

par ison of  a l l  t h e  a v a i l a b l e  d a t a  [13] has  shown t h a t  t h e  r e s u l t s  of d i f f e r e n t  

e f f o r t s  may d i f f e r  from each o t h e r  over  t h e  range of one whole order  of magni- 

tude. Three b a s i c  reasons f o r  t h e  divergence i n  t h e  r e s u l t s  of  t h e  d i f f e r e n t  

experiments can be  pointed out.  

YN 

1. The energy t r ansmi t t ed  i n  a p a r t i c u l a r  i n t e r a c t i o n  usua l ly  i s  unknown, 

and i n  some o f t h e  experiments t h e r e  i s  no guarantee at a l l  t h a t  a l l  of t h e  

secondary p a r t i c l e s ,  p a r t i c u l a r l y  t h e  neu t r a l  ones,  have been recorded. 

2. The magnitude o f  t h e  minimal t r ansmi t t ed  energy, something t h a t  a l l  - /49 
computations depend on q u i t e  s u b s t a n t i a l l y  because t h e  c r o s s  sec t ion  is i nve r se ly  

propor t iona l  t o  t h i s  energy, i s  very t e n t a t i v e l y  est imated.  

3 .  V i r t u a l l y  none of t h e  papers  on t h e  sub jec t  took i n t o  account t h e  pro- 

b a b i l i t y  of  recording nuc lea r  i n t e r a c t i o n s  i n  t e r m s  of energy. 

A few words m u s t  be  s a i d  about underground (or  underwater) i n v e s t i g a t i o n s  

of t h e  absorpt ion curve,  because, a t  l e a s t  i n  p r i n c i p l e ,  t hese  i n v e s t i g a t i o n s  

should provide a way t o  e s t a b l i s h  t h e  sum of t h e  i n t e g r a l  c r o s s  sec t ions  of  t h e  

i n t e r a c t i o n  of  b-mesons ( l o s s  of energy, more p r e c i s e l y ) .  

ground measurements today are used pr imar i ly  f o r  so lv ing  t h e  r eve r se  problem, 

t h a t  is, f o r  ob ta in ing  t h e  b-meson energy spectrum and angular  d i s t r i b u t i o n .  

The r e s u l t s  o f  under- 



This  method has  a t  least f o u r  drawbacks. F i r s t  of a l l ,  p r e c i s e  information as 

t o  t h e  composition of t h e  s o i l  a t  g r e a t  depths  wi th in  a q u i t e  wide i n t e r v a l  o f  

z e n i t h  and azimuth angles  is needed f o r  conversion. Second, t h e  p rec i se  magni- 

t ude  o f  t h e  energy l o s s e s  i n  t h e  nuc lea r  i n t e r a c t i o n  i s  unknown. Third,  t h e  

experiment must be conducted i n  such a way t h a t  so f a r  as a g r e a t  percentage o f  

t h e  underground measurements made are concerned, t h e r e  is no way t o  sepa ra t e  

information on t h e  energy spectrum from t h a t  on angular  d i s t r i b u t i o n  o f  t h e  

p-mesons. Therefore,  i f  t h e  experimental  d a t a  are t o  be used t o  ob ta in  t h e  

energy spectrum, t h e  angular  d i s t r i b u t i o n  must be  given. F i n a l l y ,  t h e  con- 

vers ion  f a c t o r  f o r  g rea t  depths  is dependent exponent ia l ly  on t h e  magnitude of 

energy lo s ses ,  so underground measurements should be s t a t i s t i c a l l y  accura te ,  as 

w e l l  as f r e e  from any f i x e d  e r r o r s .  

Underwater measurements are free o f  t h e  first drawback, but  t h e  l imi t ed  

depth of  t h e  world ocean and t h e  t echn ica l  d i f f i c u l t i e s  involved prevent any 

g r e a t  p rogress  being made i n  terms of  energy. Today, underground measurements 

have reached a depth of some 8,000 m e t e r s  of w a t e r  equiva len t ,  corresponding t o  

approximately 7-10 ev [151. 12 

3 .  Tasks of  Future  I n v e s t i g a t i o n s  of  High-Energy Cosmic b-Mesons 

Determination of t h e  mechanisms involved i n  t h e  genera t ion  of cosmic )I- 

mesons i s  t h e  bas i c  t a s k  remaining. Natura l ly  enough, i f  t h e  complete p i c t u r e  

o f  t h e  formation of  p-mesons i n  t h e  atmosphere i s  t o  be  obta ined ,  a l l  t h e  char- 

a c t e r i s t i c s  of  t h e  p-meson f l u x  must be inves t iga t ed ,  inc luding  angular  d i s t r i b -  

u t i o n  and t h e  o the r  c h a r a c t e r i s t i c s .  P r a c t i c a l l y  speaking, angular  d i s t r i b u t i o n  

i s  dependent on ly  on t h e  composition of  t h e  p a r t i c l e s  decaying i n t o  p-mesons, 

and does not  depend on t h e  i n t e r a c t i o n  model (given t h e  condi t ion  t h a t  t h e  model 

does not depend on t h e  composition of  t h e  p a r t i c l e s ) .  Thus, i nves t iga t ion  of  

t h e  angular  d i s t r i b u t i o n  h e l p s  e s t a b l i s h  t h e  channels f o r  p-meson generation. 

The first th ing  t h a t  must  be done is t o  e s t a b l i s h  t h e  presence,  o r  absence, of  

d i r e c t  generat ion o f  b-mesons. The next s t e p  involves  a determinat ion of t h e  

percentage of a l l  poss ib l e  genera t ion  mechanisms, including t h e  percentage of 

K-mesons (see sec t ion  4 ) .  

/ 5 0  - 

A second t a s k  f o r  t h e  f u t u r e  i s  t h e  inves t iga t ion  of t h e  nuc lear  i n t e r -  

a c t i o n  of  b-mesons. The problem here  i s  disussed i n  s e c t i o n  5 of t h i s  a r t i c l e .  
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H e r e ,  w e  w i l l  simply say t h a t  t h e  inves t iga t ion  of  nuc lear  i n t e r a c t i o n  should 

inc lude  measurement o f  t h e  c r o s s  s e c t i o n  of  t h e  i n t e r a c t i o n ,  as w e l l  as a s tudy  

of t h e  s t r u c t u r e  and form of t h e  nuc lea r  cascades occurring. A comparison of 

t h e s e  da t a  wi th  e x i s t i n g  cascades from nuclear  a c t i v e  p a r t i c l e s  can provide addi- 

t i o n a l  information on t h e  n a t u r e  of  t h e  nuc lear  i n t e r a c t i o n  of p-mesons. 

Inves t iga t ion  of  e lectromagnet ic  i n t e r a c t  i ons  of  p-mesons i n  cosmic radia-  

t i o n  o f f e r s  less  of  a cha l lenge  wi th  r e spec t  t o  a c c e l e r a t o r s  than  does t h e  s tudy  

of  nuc lear  i n t e rac t ion .  In t h i s  case t h e  accuracy requi red  is incomparably 

g rea t e r .  Y e t  t h e r e  is a cons tan t  flow of  papers  i n  which divergences from 

electrodynamics can be  noted,  as can t h e  absence of p-meson beams of corresponding 

ene rg ie s  i n  acce le ra to r s ,  and t h i s  is  what s e rves  t o  s t imu la t e  t h e s e  inves t iga-  

t i o n s  i n  cosmic r ad ia t ion .  A d e t a i l e d  a n a l y s i s  of electron-photon showers, 

caused by t h e  electromagnet ic  i n t e r a c t i o n  of p-mesons, i s  an add i t iona l  possi- 

b i l i t y  f o r  examining t h e  b a s i c  formulas of quantum electrodynamics,  and p a r t i c -  

u l a r l y  t h e  cascade theory.  

It is  expedient t o  so lve  a l l  of t h e s e  problems by using t h e  ho r i zon ta l  f l u x  

of  cosmic p-mesons. 

s e l e c t i o n  i s  as follows. 

viding f o r  t h e  p o s s i b i l i t y  o f  determining t h e  channels  f o r  t h e  generat ion of 

W-mesons i s  a t  Oo and 90°, t h e  energy spectrum i n  t h e  high-energy domain (greater 

than 10l1 ev)  is' p r a c t i c a l l y  independent o f  t h e  ang le  i n  the.0-.60° range. 

B a s i c  changes t a k e  p lace  i n  t h e  spectrum i n  t h e  i n t e r v a l  60 t o  90°, roughly. 

This  is why it  i s  more expedient t o  i n v e s t i g a t e  t h e  f l u x  of p-mesons a t  la rge  

zen i th  angles  (60 t o  90°) i n  o rde r  t o  ob ta in  t h e  necessary  d a t a  with one in-  

s t a l l a t i o n .  

mesons i n  a ho r i zon ta l  f l u x  of  cosmic p-mesons because t h e  presence of decay 

channels  f o r  t h e  generat ion of high-energy p-mesons (and t h e r e  w i l l  always be 

some percentage of such channels)  r e s u l t s  i n  t h e r e  being more of  them i n  t h e  

hor izonta l  f l u x  than  i n  t h e  v e r t i c a l .  

The p r i n c i p a l  cons idera t ion  i n  favor  of t h e  use  of t h i s  

Although t h e  maximum d i f f e rence  between spec t r a  pro- 

And it is more advantageous t o  i n v e s t i g a t e  t h e  i n t e r a c t i o n  of p- 

There are add i t iona l  arguments t o  be advanced i n  f avor  of t h e  ho r i zon ta l  

f lux.  F i r s t  of  a l l ,  t h e r e  is no requirement f o r  an underground v a u l t  i n  which 

t o  set  up t h e  experiments,  so c o s t s  are reduced sharp ly ;  second, widespread 

a i r  showers a t  angles  l a r g e r  than  70" w e r e  recorded /51 super-high energy - 
r ecen t ly ,  so t h e  i n v e s t i g a t i o n  of t h e  ho r i zon ta l  f l u x  w i l l  m a k e  it poss ib l e  t o  
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en la rge  t h e  search  f o r  t h e s e  unique events ;  and, t h i r d ,  groups of  p-mesons can 

be  inves t iga t ed  i n  t h e  ho r i zon ta l  f l ux ,  something t h a t  w a s  confined t o  t h e  ver- 

t i c a l  f l u x  a lone  u n t i l  recent ly .  

4 .  Determination o f  K- and rr-Meson Percentages 
-~ 

Let u s  make t h e  computation f o r  t h e  s ta t is t ics  needed t o  e s t a b l i s h  K- and 

n-meson percentages.  

t h a t  t h e r e  is  no need t o  do so, but  i n  defense o f  ou r  proposal ,  w e  c i t e  two con- 

s ide ra t ions .  F i r s t ,  d e s p i t e  t h e  poss ib l e  emergence of  new channels  f o r  high 

energy genera t ion ,  t h e  decay o f  n-mesons as a source of B-mesons should be re- 

t a ined ,  because t h e r e  is no doubt regarding t h e  formation of  v-mesons of corre-  

sponding ene rg ie s  i n  nuc lear  i n t e r a c t i o n s .  Second, K-decay y i e l d s  an angular  

d i s t r i b u t i o n  c l o s e  t o  i s o t r o p i c  i n  t h e  energy domain up t o  10 ev, so t h a t  es- 

timates obtained f o r  K-decay w i l l  be t h e  upper l i m i t  f o r  d i r e c t  generat ion i n  

t h i s  domain. 

A t  f irst glance,  t h e  r e s u l t s  contained i n  [ 4 ]  would s u g g e s t  

12  

L e t  t h e r e  be  two channels  for t h e  genera t ion  of  p-mesons (IT- and K-decavs) 

?la* * a  with i n t e n s i t i e s  a 

[o r ,  and t h i s  is t h e  same th ing ,  t h a t  a / a i  2 1/@], w e  need to S a t i s f y  

t h e  i n e q u a l i t y  

and aK, respec t ive ly .  If w e  want t o  show t h a t  
ll 

Tr 

where 

a ( a )  is t h e  root-mean-square e r r o r  i n  f ind ing  a and a'K; 

m i s  t h e  number of  s tandard  devia t ions .  

Tr 

Let u s  f i n d  t h e  minimum f o r  t h e  fol lowing func t iona l  i n  o rde r  t o  eva lua te  

t h e  necessary  s t a t i s t i c s  by t h e  least  squares  method 

M = (a, N,, + aK N K L  - FJ2 Wi, ( 2 )  
i 

where 

N and NKi are t h e  va lues  of t h e  spec t r a  a t  t h e  i Q  po in t  f o r  t h e  n- and 

K-mesons, r e spec t ive ly ;  
r r i  

is t h e  spectrum's  measured value;  Fi 
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is t h e  weight of t h e  i t h  measurement. 
'i 

Di f fe ren t i a t ing  Eq. ( 2 )  with respec t  t o  a and a and equating t h e  der iva-  Tr K' 
t i v e s  t o  zero,  w e  ob ta in  t h e  follow'ing system of equat ions  

The s o l u t i o n  f o r  t h i s  system is 

where 

Af te r  t h e  computation, we obta in  

W e  compute t h e  q u a n t i t y  A f o r  t h e  following condi t ions  

where 

NV 

ni and ki 

is t h e  i n t e n s i t y  of t h e  b-mesons along t h e  v e r t i c a l ;  

are t h e  c o e f f i c i e n t s  of change i n  i n t e n s i t y  i n  terms of t h e  

angle  f o r  t h e  d i f f e r e n t  generat ion channels.  
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W e  t han  proceed t o  t h e  computations f o r  t h e  case o f  measurements a t  two 

z e n i t h  angles.  Then 

( Z l b  - % R I P  A =  N.2 
(a* ,l + (a* *z  + aK &a) 

Computing D(a f o r  t h e s e  same condi t ions ,  and in t roducing  t h e  des igna t ions  
K 

w e  o b t a i n  t h e  fol lowing f o r  t h e  i n e q u a l i t y  of  Eq. (1) /53 

(9) 

where 

S p e c i f i c  computations w e r e  made f o r  two i n t e r v a l s  of zen i th  angles;  60-7oo, 

and 80-g0°. Reference [ l7]  provided t h e  va lues  f o r  t h e  c o e f f i c i e n t s  nl, n2, kl 

and kZ. The s ta t i s t ic  needed f o r  c e r t a i n  va lues  of p-meson ene rg ie s  f o r  var ious  

assumptions with r e spec t  t o  t h e  r e l a t i o n s h i p  between t h e  channels  f o r  t h e  decays 

o f  K- and n-mesons f o r  m = 3 are l i s t e d  i n  t h e  t a b l e .  Tabulated da ta  w e r e  ob- 

t a i n e d  for t h e  condi t ion  t h a t  t h e r e  are two p o i n t s  a t  t h e  angular  d i s t r i b u t i o n .  

U s e  of a g r e a t  many p o i n t s  w i l l  r e s u l t  i n  a reduct ion  i n  t h e  needed s ta t is t ic .  

In t h i s  sense,  t h e  numbers i n  t h e  t a b l e  provide t h e  upper l i m i t .  

5. Nuclear I n t e r a c t i o n  o f  p-Mesons 

Once George and Evans [18] discovered t h e  nuc lea r  i n t e r a c t i o n  of p-mesons, 

a g r e a t  many a t tempts  w e r e  made t o  ob ta in  t h e  c r o s s  s e c t i o n  of  t h i s  process.  

usua l  i n t e r p r e t a t i o n  reduces t o  a replacement o f  a p-meson by a f i e l d  of v i r t u a l  

photons, t h e  c r o s s  s e c t i o n  o f  i n t e r a c t i o n  of which, it i s  assumed, is no d i f f e r -  

en t  than  t h e  c r o s s  sec t ion  o f  real photons 

The 

where 

E is t h e  p-mesonls primary energy; 
P 
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E is energy of  t h e  nuc lea r  i n t e r a c t i o n ;  

q i s  t h e  t r a n s f e r r e d  momentum; 

is t h e  photonuclear c r o s s  sec t ion  f o r  a nucleon; 
=YN 
A i s  t h e  number o f  nucleons i n  t h e  nucleus. 

The func t ions  f(Ep,  E, q )  obtained i n  var ious  o f  t h e  t h e o r e t i c a l  papers on 

t h e  sub jec t  d i f f e r  g r e a t l y  from each o the r ,  and t h i s ,  n a t u r a l l y  enough, makes 

i n t e r p r e t a t i o n  of  experiments d i f f i c u l t .  But t h e  va lues  of  t h e  c r o s s  sec t ion  

Q 

pointed out  i n  C131. Poss ib l e  experimental  reasons w e r e  reviewed i n  s ec t ion  2. 

But t h e r e  can be reasons of  ye t  another  order  of magnitude. F i r s t  of a l l ,  t h e  

c r o s s  s e c t i o n  is assumed cons tan t  when it i s  computed. I f  it i n  f a c t  depends 

on t h e  energy, t h i s  procedure h a s  no v a l i d i t y .  Second, a logari thmic dependence 

on % has  been given i n  a l l  known computations f o r  t h e  func t ion  f ( E  

Reference [l9], deal ing  with work done with a p-meson beam i n  Brookhaven, es tab-  / 5 5  

l i s h e d  a l i n e a r  dependence between the  c r o s s  s e c t i o n  0 (%, E, q )  and E 

t h e o r e t i c a l  model of t h e  nuc lea r  i n t e r a c t i o n  of  p-mesons proposed by Hand and 

Wilson w a s  set up t h e r e  and provides  a l i n e a r  dependence f o r  c~ ( E  ). If t h i s  

dependence is  adopted f o r  o t h e r  e f f o r t s  concerned with t h e  nuc lear  i n t e r a c t i o n  

of  b-mesons, t h e  va lues  f o r  (5 

even f o r  t h e  same funct ion  f ( % ,  E, q ) ,  are g r e a t l y  d ivergent ,  as h a s  been 
YN 

YN 

E, 9). k '  
- 

A n P '  

n P  

obtained from them w i l l  be changed g rea t ly .  
YN 

The l i n e a r  dependence i n  [l9] i s  es t ab l i shed  f o r  a narrow band of p-meson 

energ ies ;  2.5 t o  10.5 GeV.  Question. How fa r  does t h i s  dependence extend i n  

terms of  energy? There is an even more general  quest ion.  A s  i s  known, a l l  

o t h e r  c r o s s  sec t ions  of  t h e  i n t e r a c t i o n  of P-mesonsv beginning a t  some energy 

value,  become constant .  C a n  t h i s  fact be extended t o  inc lude  t h e  nuc lear  i n t e r -  

a c t i o n  of  b-mesons? 

determinat ion o f  u and f o r  i ts dependence on energy. This  ques t ion  i s  equal ly  

important i n  i n t e r p r e t i n g  t h e  r e s u l t s  o f  underground measurements. If t h e  nuc lear  

c r o s s  s e c t i o n  increases up t o  very  high energ ies ,  and i s  still  l i n e a r ,  a f l a t t e r  

spectrum than t h a t  u sua l ly  accepted [15] is  requi red  i n  o rde r  t o  expla in  t h e  

r e s u l t s .  

The answer t o  t h i s  quest ion i s  s i g n i f i c a n t  f o r  a co r rec t  

YN 

Eq. (10) g ives  t h e  l i n e a r  dependence o f  t h e  c r o s s  s e c t i o n  i n  ternis of  A;  

t h a t  is, t h e  c r o s s  s e c t i o n  of  t h e  nuc lear  i n t e r a c t i o n  of  h-mesons is  considered 

. . . . . . _. . , .. .-... . . ,, , , . . , , ,,, I I, I 
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as propor t iona l  t o  t h e  number of  nucleons i n  t h e  nucleus. 

not been inves t iga t ed  experimentally a t  high energ ies .  A t  t h e  same t i m e ,  accord- 

i ng  t o  recent  d a t a  [20, 211, t h e  c r o s s  s e c t i o n  of  t h e  i n t e r a c t i o n  of  pro tons  

with nuc le i  is  as A2l3 .  

a c t i o n  of p,-mesons, t h i s  w i l l  r e s u l t  i n  a change i n  energy l o s s e s  i n  nuc lea r  

i n t e r a c t i o n  f o r  s o i l .  Actually,  v i r t u a l l y  a l l  i n v e s t i g a t i o n s  of nuc lea r  i n t e r -  

a c t i o n  w e r e  made wi th  l ead ,  so t h e  magnitude b 

The conversion for  b can be made through t h e  formula 

Th i s  dependence h a s  

If t h i s  dependence proves v a l i d  f o r  t h e  nuc lea r  i n t e r -  

could be  computed accordingly. 1 

s 

The va lue  of b w i l l  d i f f e r  wi th  B. 
crease by a f a c t o r  of 

If p is reduced from 1 t o  2/3, bS W i l l  i n -  s 

(A1/As)l-B = (207/22) 1/3 = 2.1. 

Accordingly, w e  can d i s t i n g u i s h  t h r e e  primary t a s k s  i n  i n v e s t i g a t i n g  t h e  

nuc lear  i n t e r a c t i o n  of  p,-mesons. 

1. The n a t u r e  of ry (E ) must be e s t ab l i shed ,  as must t h e  l i m i t s  of its 
nCL 

i n c r e a s e  wi th  energy. 

2. The c r o s s  s e c t i o n  0 i n  t h e  domain above 10l1 ev, and i t s  change wi th  - /56  9 
energy, must be estimated. 

3. The ry (A) r e l a t i o n s h i p  must be inves t iga ted .  

It goes without saying t h a t  t h e  goal i s  a p r e c i s e  formula f o r  t h e  Eq. (10) 

n 

cross sec t ion .  

The problems considered show t h a t  t h e r e  are, i n  t h e  phys ics  of cosmic 

b-mesons, problems o f  i n t e r e s t  t o  h igh  energy physics.  

K- and n-mesons at ene rg ie s  g r e a t e r  than  10l2 ev  are e s t a b l i s h e d ,  c e r t a i n  con- 

c l u s i o n s  can be drawn concerning t h e  role of  fo re ign  p a r t i c l e s  at t h e s e  energies.  

The second problem is of greater i n t e r e s t  f o r  t h e  phys ics  of p-mesons. 

par i son  of c r o s s  s e c t i o n s  of t h e  i n e l a s t i c  i n t e r a c t i o n  of p-mesons and electrons, 

as made i n  [ lg ] ,  p rovides  hope for  a so lu t ion  f o r  t h e  b a s i c  problem; t h e  problem 

of t h e  d i f f e r e n c e  i n  t h e  masses of t h e  CL-meson and t h e  e l ec t ron .  

Once the percentages of 

A com- 
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AN EXPERIMENTAL SEARCH FOR HEAVY PARTICLES AT SEA LEVEL 

A. M. Gal lper ,  V. A. Gomozov, V. G. Kirillov-Ugryumov, 
Yu. D. Kotov, B. I. Luchkov 

ABSTRACT. A method f o r  i s o l a t i n g  heavy p a r t i c l e s ,  t h e  experi-  
mental i n s t a l l a t i o n  used, and t h e  f i r s t  r e s u l t s  of a search  at 
sea l e v e l  f o r  heavy p a r t i c l e s  with u n i t  charge are. described. 

There are, a t  t h i s  t i m e ,  a cons iderable  number of papers dea l ing  with t h e  

search  f o r  quarks with a f r a c t i o n a l  charge (1/3 e, 2/3 e and 4/3 e ) ,  i n  acceler- 

a t o r s  C1-51 and i n  cosmic r a y s  [6-171. Resu l t s  of a l l  t h e s e  searches  have been 

negative.  The upper l i m i t  o f  t h e  f l u x  of quarks i n  cosmic r ays  is about 10 

cm-2.sec-1.ster-1 4 t  sea l e v e l  [16, 171. 
a theory  holding t h a t  quarks could have a whole u n i t  charge (1 e )  [181 could be 

b u i l t .  The search f o r  quarks with u n i t  charge has  been much less in t ens ive ,  and 

t h e  corresponding upper l i m i t  of t h e  f l u x  of t hese  quarks is approximately 10 

cm *set .ster [19-243. 

-10 

However, t h e r e  is t h e  p o s s i b i l i t y  t h a t  

-8 

-2 -1 -1 

The search  f o r  heavy p a r t i c l e s  with u n i t  charge i n  cosmic r ays  is of in- 

terest i n  and of i t se l f ,  and r e g a r d l e s s  of t h e  quark hypothesis.  P a r t i c l e s  such 

as these could be n e w  elementary p a r t i c l e s ,  o r  s i n g l y  charged nuc le i ,  such as 

t h e  heavy hydrogen i so tope  H , f o r  example. 5 

The presence of heavy, long-lived p a r t i c l e s  i n  cosmic r ays  w a s  suggested 

i n  [25] i n  o r d e r  t o  expla in  c e r t a i n  experiments i n  connection wi th  t h e  s tudy  of 

cosmic r ays  [26]. Reference [271 presented t h e  r e s u l t s  of searches  f o r  heavy, 

long-lived p a r t i c l e s  with mass greater than, o r  equal t o ,  5 GeV/c and l i f e t i m e  

T second, wi th  s t rong  and/or electromagnetic i n t e r a c t i o n s .  A s  i n  t h e  

case  of quarks wi th  f r a c t i o n a l  charge,  no such p a r t i c l e s  were found. 

2 

Th i s  paper desc r ibes  t h e  method used t o  i s o l a t e  heavy p a r t i c l e s ,  t h e  ex- 

perimental  i n s t a l l a t i o n  used, and t h e  f i r s t  r e s u l t s  of a sea l e v e l  search  f o r  

heavy p a r t i c l e s  wi th  u n i t  charge. The i s o l a t i o n  method used r e s u l t e d  i n  t h e  

recording of s u b r e l a t i v i s t i c  p a r t i c l e s  with v e l o c i t y  p < 0.59, m a s s  M 2 3.5 
G e V / c  , and lifetime 2 5 - 1 0 - ~  second. P a r t i c l e s  could be recorded by t h e  

i n g t a l l a t i o n  i f  t hey  t r a v e r s e d  it unaccompanied by o t h e r  i on iz ing  p a r t i c l e s .  

2 
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1. The I s o l a t i o n  Method Used - /58  

I s o l a t i o n  of heavy p a r t i c l e s  from t h e  t o t a l  f l u x  of cosmic r a y s  is based on 

t h e  dependence o f  t h e  ion iz ing  pa th  of t h e  p a r t i c l e  on i ts  ve loc i ty ,  charge,  and 

m a s s .  

expressed i n  terms o f  t h e  fol lowing r e l a t i o n s h i p  

The path o f  a p a r t i c l e  w i th  charge 2, m a s s  M, and v e l o c i t y  $c can be 

M 
Z' R == - f (Pc), 

where 

f ( p c )  is t h e  universa l  func t ion  of  pc .  

For f ixed  ve loc i ty ,  t h e  pa th  is  d i r e c t l y  propor t iona l  t o  t h e  mass of t h e  

p a r t i c l e ,  and inve r se ly  propor t iona l  t o  t h e  square of  t h e  charge. The longes t  

path w i l l  be i n  t h e  t r i t i u m  nucleus,  a t  least  among t h e  known s i n g l y  charged 

p a r t i c l e s .  If a block of a material, t h e  th i ckness  of which i s  i n  excess of  

t h e  ion iz ing  path of a t r i t i u m  nucleus with given v e l o c i t y ,  is placed i n  t h e  

path of a stream of p a r t i c l e s ,  a l l  t h e  known p a r t i c l e s ,  mesons, protons,  deu- 

t e rons ,  t r i t i u m  nuc le i ,  and n u c l e i  wi th  Z 2 2 wi th  t h e  s a m e  ve loc i ty ,  w i l l  be  

dece lera ted  and w i l l  s t o p  i n s i d e  t h e  block. Only p a r t i c l e s  with m a s s  g r e a t e r  

than t h e  m a s s  of  t r i t i u m  w i l l  t r a v e r s e  t h e  block. By t h u s  making a s e l e c t i o n  

of  t h e  p a r t i c l e  f l u x  i n  t e r m s  of v e l o c i t y  (something t h a t  can be  done with a 

Cerenkov threshold  counter )  and i n  terms of  path,  heavy p a r t i c l e s  can be i so-  

l a t e d  from t h e  f lux.  

2. The I n s t a l l a t i o n  

The block diagram of  t h e  i n s t a l l a t i o n  i s  shown i n  F igu re  1. Two Cerenkov 

counters ,  CC1 and CC2, wi th  a t h re sho ld  v e l o c i t y  p = 0..59, are used f o r  min 

. -  

Figure 1. Block diagram of  t h e  i n s t a l l a t i o n .  
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v e l o c i t y  se l ec to r s .  Events are recorded when t h e r e  is  coincidence between 

pulses  from t h e  s c i n t i l l a t i o n  counters  SC 
1 1 

CC2. 

have v e l o c i t i e s  below f~ i n  CC and CC are so r t ed  out.  The block of  l ead ,  

and SC2, and no pulses  from CC and 

A t  t h e  same t i m e ,  p a r t i c l e s  t r ave r s ing  t h e  e n t i r e  i n s t a l l a t i o n ,  and which 

min 1 2' 
and /59 2 

137 g/cm t h i c k ,  absorbs s i n g l y  charged p a r t i c l e s  with v e l o c i t y  below Bmin - 
m a s s  less than  3.8 m where m is t h e  proton m a s s .  

P' P 
The spark  chambers i s o l a t e  cases  of  s ing ly  charged p a r t i c l e s  t r ave r s ing  t h e  

i n s t a l l a t i o n  without s c a t t e r i n g .  S c i n t i l l a t i o n  counter  J, which measures t h e  

ion iza t ion  produced i n  it by p a r t i c l e s ,  i s  used t o  sepa ra t e  t h e  heavy p a r t i c l e s  

from t h e  p-mesons, protons,  t r i t i u m  nuc le i ,  and p a r t i c l e s  with Z 2 2 t h a t  can be 

recorded as a r e s u l t  of t h e  count ing l o s s e s  i n  t h e  Cerenkov counters .  

When a charged p a r t i c l e  t r a v e r s e s  the  i n s t a l l a t i o n ,  pu lses  with 50 nsec  

de lays  ape suppl ied  t o  t h e  coincidence c i r c u i t ,  CoC, which h a s  a reso lv ing  

2 t i m e  o f  16 nanoseconds, through t h e  amplifier. Pulses  flow from CC and CC 

through t h e  ampl i f i e r  t o  t h e  .pulse shaper,  FC, t h e  output  of which i s  a 100 

nanosecond pulse  i f  a pulse  from j u s t  one of  t h e  Cerenkov counters  i s  suppl ied  

t o  t h e  input.  The pu l se  then f lows from t h e  s h a p e r t o  t h e  an t ico inc idence  c i r -  

c u i t  AC, i n  t h e  i n h i b i t  channel. The pulse  path i s  then from counter  J through 

t h e  cathode fol lower,  CF, t o  t h e  input  of t h e  si-8 osc i l lograph .  

1 

A pu lse  from t h e  AC output  t r i g g e r s  t h e  osc i l l og raph  sweep, t h e  high-voltage 

pulse  generator ,  PVG,  and t h e  c i r c u i t  f o r  t r i g g e r i n g  t h e  photorecorder ,  PT. The 

W K - 5  photorecorders  photograph t h e  osc i l l og raph  screen and t h e  spark chambers 

i n  two pro jec t ions .  

Counters SC 
2 

and SC2 set  t h e  ape r tu re  r a t i o  f o r  t h e  i n s t a l l a t i o n ,  which i s  
1 

31 c m  oster.  The counters  are p l a s t i c  s c i n t i l l a t o r s  measuring 160 x 160 x 15 mm. 

Light conductors se rve  t o  end-col lect  t h e  l i g h t .  FEU-16 photomul t ip l ie rs ,  two 

f o r  each counter ,  are u s e d i n t h e  counters .  A cab le  with a c h a r a c t e r i s t i c  i m -  

pedance of  150 ohms i s  t h e  FEU-16 load. 

The Cerenkov counters ,  CC and CC are designed t o  disconnect  t h e  l o g i c  1 2' 
element when p a r t i c l e s ,  t h e  v e l o c i t i e s  of which are @ > 0.59, t r a v e r s e  t h e  in-  

s t a l l a t i o n .  They are made of  TF-3 lead  g l a s s  ( s p e c i f i c  weight 4.46 g/cm ) 

200 x 200 x 80 m. 

3 

Each g l a s s  block i s  edge-scanned by two FEU-52 photomulti- 
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pliers. The two ant ico inc idence  counters  are used t o  reduce t h e  background of 

false readings  because t h e  count ing l o s s  p r o b a b i l i t y  i s  (1 - J 12, where 

t h e  e f f i c i e n c y  o f  each o f  t h e  Cerenkov counters.  

b-mesons w e r e  measured counter  e f f i c i e n c y  w a s  7 

is 
C C 

When r e l a t i v i s t i c  cosmic 

= 0.985 +- 0.005. 
C 

The i o n i z a t i o n  counter ,  J ,  is designed t o  measure t h e  ion iza t ion  produced 

i n  i t  by a p a r t i c l e  t r a v e r s i n g  t h e  i n s t a l l a t i o n ,  and i s  a p l a s t i c  s c i n t i l l a t o r  

measuring 500 x 500 x 50 mm. 

The counter  i s  s h i f t e d  40 mm r e l a t i v e  t o  t h e  a x i s  of t h e  i n s t a l l a t i o n  and p a r t  

o f  t h e  s c i n t i l l a t o r  acts as a l i g h t  conductor. Amplitude r e so lu t ion  f o r  counter  

J, measured by cosmic b-mesons, i s  approximately 30% (Figure 2) .  

It i s  scanned by f i v e  FEU-36 photomul t ip l ie rs .  

F igure  2. Counter J r e s o l u t i o n  curve 
p l o t t e d  from cosmic b-mesons. Ioniza-  
t i o n  i n  m i l l i m e t e r s  of t h e  o s c i l l o -  
graph scale i s  p l o t t e d  on t h e  X-axis. 

A l l  photomul t ip l ie rs  w e r e  s e l ec t ed  

Figure 3. E f f i c i ency  o f  spark chambers 
i n  terms of de lay  t i m e ,  

for s igna l /noise  r a t i o ,  and have matching - /62 

impedances i n  t h e i r  supply c i r c u i t s .  Spark chambers S C  -SC have two 10 mm gaps 

apiece,' The gas  i n  t h e  cham- 

b e r  is replaced by purging a f t e r  each week of operat ion.  The response su r face  

of t h e  chambers measures 400 x 400 mm. Spark chamber e l ec t rodes  are 4 mm t h i c k  

shee t  aluminum. The s i d e  w a l l s  are made i n  t h e  form of Plex ig la s  s t r i p s  w i t h  a 

c r o s s  s e c t i o n  of  10 x 10 mm. Figure  3 shows spark chamber e f f i c i e n c y  i n  terms 

of de lay  t i m e .  A high-voltage pulse ,  de l ivered  t o  t h e  SC, and delayed 1.2 pSec 

wi th  r e spec t  t o  t h e  func t ioning  of t h e  an t ico inc idence  c i r c u i t ,  a delay with 

1 3  
and are f i l l e d  wi th  neon a t  atmospheric pressure.  
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Figure 4. Coincidence-anticoincidence circuit diagram. 



p r a c t i c a l l y  no effect on chamber e f f i c i ency ,  is used t o  coun te r  t h e  e f f e c t  of  

pickups from t h e  spark  chambers on counter  J. A l l  chambers are connected i n  

para1 1 el. 

Figure 4 is t h e  4s + 2AS coincidence-ant icoincidence c i r c u i t  diagram. It 

inc ludes  n i n e  6Zh9P tubes  and two 6V1P tubes.  The coincidence channel r e so lu t ion  

t i m e  is  16 nanoseconds. The c i r c u i t  ope ra t e s  on nega t ive  input  pu lses  with an 

amplitude greater than ,  o r  equal  t o ,  1 vo l t .  The input  impedances of  t h e  c i r -  

c u i t  channels  are 150 ohms, t h e  p o s i t i v e  output pu l se  h a s  a 25 nanosecond f r o n t ,  

a du ra t ion  of 100 nanoseconds, and an amplitude of  10 vo l t s .  The an t ico inc idence  

channels  can ope ra t e  i n  t h e  add i t ion  

The 300 v o l t  supply c i r c u i t  draws 50 
140 milliamperes. 

Q- 

Figure  5. RFK t r i g g e r  c i r c u i t .  

A - RFK motor c i r c u i t ;  
B - RFK f i l m  t r a n s p o r t  c i r c u i t .  

mode, as w e l l  as i n  t h e  coincidence mode. 

mil l iamperes ,  t h e  150 v o l t  supply c i r c u i t  

Figure 5 is t h e  RFK t r i g g e r  c i r c u i t .  

When a s igna l  is suppl ied  t o  t h e  input  t o  

t h i s  c i r c u i t  t hy ra t ron  TGZ i s  t r iggered .  The 

thy ra t ron  cathode c i r c u i t  inc ludes  r e l a y  R 

The p a i r  of  c o n t a c t s  o f  t h i s  r e l a y  c l o s e s  

t h e  c i r c u i t  supplying t h e  motor and i t s  re- 

duct ion gear .  The motor sha f t  speed i s  24 

rpm. This  s h a f t  a l s o  carr ies  cams f o r  

c los ing  a s soc ia t ed  con tac t s .  The RFK motor 

is energized when normally open con tac t s  

( N O ) ~ R ~  are c losed ,  and when con tac t s  (NOl2R2 

are closed t h e  RFK is suppl ied  with a pulse  

/63 1' - 

t h a t  energ izes  t h e  f i l m  t r a n s p o r t  c i r c u i t .  F i n a l l y ,  t h e  normally closed con tac t s ,  

NCR2, open and quench t h e  thyra t ron .  Motor i n e r t i a  is such t h a t  t h e  con tac t s  re- 

t u r n  t o  t h e i r  o r i g i n a l  pos i t i ons .  The f i l m  t r a n s p o r t  c y c l e  lasts f o r  2.5 seconds. 

3. Experimental Resu l t s  

The i n s t a l l a t i o n  w a s  used on t h e  ground f l o o r  o f  t h e  bu i ld ing ,  and w a s  

covered by material equiva len t  t o  80 c m  o f  concrete .  

on cosmic v-mesons sys t ema t i ca l ly  during i n s t a l l a t i o n  ope ra t ion ,  and t h i s  w a s  

done wi th  counters  CC 

t i o n  w e r e  recorded i n  531 hours  of  use ,  during which t h e  pu l se  from counter  J 

Counter J w a s  c a l i b r a t e d  

and CC2 disconnected. 777 cases of  i n s t a l l a t i o n  opera- 
1 
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w a s  recorded and measured. Most of  t h e s e  events  w e r e  r e j e c t e d  on t h e  b a s i s  of  

spark chamber s e l e c t i o n  c r i te r ia ,  i n  accordance with which only  those  cases w e r e  

s e l e c t e d  when : 

(a) 

(b) 

only one primary p a r t i c l e  t raversed  t h e  i n s t a l l a t i o n ;  

t h e  cont inuat ion of  t h e  p a r t i c l e  trace upward en tered  t h e  coincidence 

counter  and t h e  working p a r t  o f  counter  J; 

(c) t h e  s c a t t e r i n g  angle  i n  t h e  l e a d  block d id  not  exceed 5". 

The s e l e c t i o n  c r i t e r i a  adopted avoided cases caused by p a r t i c l e  showers. 

The r e s u l t  of t h e  s e l e c t i o n  l e f t  14 events,  Thus, use  of spark chambers i n  t h e  

i n s t a l l a t i o n  r e s u l t e d  i n  a reduct ion  i n  t h e  background by a f a c t o r  of approxi- 

mately 50. Figure 6 shows t h e  i o n i z a t i o n  d i s t r i b u t i o n ,  a s  measured by counter  J: 

(a)  f o r  a l l  events  with counters  CC and CC disconnected; 

( b )  

1 2 

f o r  events  with counters  CC and CC2 disconnected, and s a t i s f y i n g  t h e  1 
spark chamber s e l e c t i o n  c r i t e r i a  ( c a l i b r a t i o n  C1-mesons) ; 

(c)  f o r  777 events  recorded by t h e  i n s t a l l a t i o n  with counters  CC and CC2 
1 

connected; 

(d)  f o r  14 of  t h e  777 events  s a t i s f y i n g  t h e  spark chamber s e l e c t i o n  cr i ter ia .  

Most of t h e  c a s e s  of d i s t r i b u t i o n  i n  F igure  6d a r e ,  ev ident ly ,  C1-mesons 

1 recorded by t h e  i n s t a l l a t i o n  as a r e s u l t  of counting l o s s e s  f o r  counters  CC and 

CC2. The heavy, s i n g l y  charged p a r t i c l e s  recorded by t h e  i n s t a l l a t i o n  a r e  t h e  

r e s u l t  o f  i o n i z a t i o n  i n  excess  of t h e  double i o n i z a t i o n  of a r e l a t i v i s t i c  par- 

t i c le ;  t h a t  is, they  should f a l l  i n  t h e  right-hand s i d e  of t h e  d i s t r i b u t i o n  i n  

Figure 6d. 

with t h e  d i s t r i b u t i o n  of  t h e  s e l e c t e d  events  (Figure 6d). 

percentages of cases ,  p , i n  C1-mesons of  d i s t r i b u t i o n  with pulse  amplitude 

g r e a t e r  than  some magnitude X, t h e  expected number of C1-mesons with s i m i l a r  

i o n i z a t i o n  from t h e  s e l e c t i o n  i n  14 events ,  

cases with such i o n i z a t i o n  among t h e  14 s e l e c t e d  events :  

L64 
The p-meson d i s t r i b u t i o n  (Figure 6b) i s  compared i n  what fol lows 

Cited here  are t h e  

C1 

and t h e  observed number N, of 
NC1 * 
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40c 0 

Figure 6 .  Experimental d is tr ibut ions .  

a and b - events  with counters CC and CC disconnected; 

c and d - events  with counters CC and CC connected. 
1 2 

1 2 

Figure 7.  Energy domain for  p a r t i c l e s  recorded by the  i n s t a l l a t i o n .  
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on t h e  
3. x. X I  

Osci l lo-  
g r a  h 
s-c ape 

18 

24 

27 

0.08&0.015 1 1.1 I 3 

The observed number exceeds the  expected number of  p-mesons with increased  

ion iza t ion ,  as w i l l  be seen. The p r o b a b i l i t y  t h a t  t h i s  came about as a r e s u l t  

of  a random f l u c t u a t i o n  can be e s t ab l i shed  through a Poisson d i s t r i b u t i o n  and 

proves t o  be q u i t e  small ;  about 7.5% f o r  X 2 18 mm, and approximately 2% f o r  

X 2  27 mm. 

The estimates w e  made of t h e  background a t t r i b u t a b l e  t o  nuc lear  i n t e r a c t i o n  

of  p-mesons and t o  protons o f  cosmic r a y s  s c a t t e r e d  i n  t h e  rear hemisphere showed 

t h a t  t h e  expected number o f  such events  is  considerably less than one. Thus, t h e  

two p a r t i c l e s  with increased ion iza t ion  observed among t h e  14 cases cannot be 

r e l i a b l y  explained by s t a t i s t i ca l  e r r o r s ,  nor  by t h e  f i x e d  counting l o s s e s  i n  t h e  

i n s t a l l a t i o n  t h a t  w e  know about. However, because of t h e  very meager s t a t i s t i c s  

it is too  e a r l y  t o  draw any conclusions with r e spec t  t o  an i n t e r p r e t a t i o n  of  t h e  

r e s u l t  obtained,  t h e  more so because t h e s e  two even t s  could even be t h e  r e s u l t  of  

c e r t a i n  methodological e r r o r s  t h a t  w e r e  not even considered. A new, improved, 

i n s t a l l a t i o n  is  now being b u i l t ,  one t h a t  w i l l  enable  u s  t o  v e r i f y  and r e f i n e  

t h e  r e s u l t s  obtained. 

W e  can e s t a b l i s h  t h e  upper l i m i t  f o r  t h e  f l u x  of heavy p a r t i c l e s  with u n i t  /66 - 
charge by tak ing  i n t o  cons idera t ion  a l l  recorded 1-meson events .  I t  is  equal 

t o  'j.4-10-8 (cm2-s-ster)-'. 

ton  m a s s  is p lo t t ed  on t h e  X-axis, and k i n e t i c  ene rg ie s  on t h e  Y-axis, shows 

t h e  energy domain f o r  p a r t i c l e s  recorded by t h e  i n s t a l l a t i o n .  

Figure 7, i n  which p a r t i c l e  m a s s  i n  u n i t s  o f  pro- 
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RESONANCES I N  @- AND KA-SYSTEMS 

V. S .  Demidov, V. G .  Kirillov-Ugryumov, 
A. K. Ponosov, V. P b  Protasov,  F. M. Sergeyev 

ABSTRACT. I n v e s t i g a t i o n s  made of t h e  decay o f  baryonic  and 
mesonic resonances wi th  zero s t rangeness  t a  a p a i r  o f  s t r ange  
p a r t i c l e s  (KOA o r  KO KO) are discussed. The e f f e c t i v e  m a s s  1 1  
of  t h e  baryonic  system i s  between 1.6 and 2.4 G e V ,  t h a t  of 
t h e  mesonic system between 1.0 and 1.5 GeV.  

I nves t iga t ion  o f  t h e  resonance states of elementary p a r t i c l e s  today is  one /67 - 
of  t h e  fastest developing branches of physics.  The progress  i n  t h e  f i e l d  toward 

inc reas ing ly  h igher  ene rg ie s ,  t oge the r  with improvements i n  experimental  tech-  

niques,  make it poss ib l e  t o  s tudy  resonances with l a r g e  mass and t o  observe t h e  

rare channels  o f  decay of known resonances. This  paper is devoted t o  t h e  in-  

v e s t i g a t i o n  of  decays of  baryonic  and mesonic resonances with zero  s t rangeness  

t o  a p a i r  of  s t r ange  p a r t i c l e s  (KOA o r  I@ The e f f e c t i v e  m a s s  of t h e  

baryonic system is between 1.6 and 2.4 G e V ,  t h a t  of  t h e  mesonic s y s t e m  between 

1.0 and 1.5 GeV.  

1 1  

1. KA-System., Phenomenological Analys is .  

I n i t i a l l y ,  t h e  experimental  i nves t iga t ion  of  r e a c t i o n s  with K-mesons and 

I\-hyperons i n  t h e  f i n a l  s ta te  w a s  t h e  r e s u l t  of i n t e r e s t  i n  th reshold  anomalies, 

so-cal led cusps. A. I. Baz' and L. B. Okun' [ l ]  used t h e  u n i t a r i t y  r a t i o  for a 

s c a t t e r i n g  matrix t o  demonstrate t h a t  t h e  ampli'tudes of  t hose  channels a l ready  

discovered undergo a sharp  change near t h e  threshold  of  a new channel. This  

e f f e c t  appears  i n  t h e  form of  narrow anomalies (width A E -  1 M e V )  i n  t h e  energy 

r e l a t i o n s h i p s  f o r  t h e  t o t a l  and d i f f e r e n t i a l  c r o s s  sec t ions ,  po la r i za t ion ,  and 

t h e  l i k e .  

of i n t e r e s t  as w e l l  is t h e  fact t h a t  t h e  r e l a t i v e  p a r i t y  of  secondary p a r t i c l e s  

i n  t h e  d i f f e r e n t  channels  can be determined, i n  p r inc ip l e .  The cusp anomalies 

i n  t h e  channel 

In  add i t ion  t o  t h e  independent value of  t h e s e  anomalies (cusps) ,  

x- 4- p --+ Yo f A 
(1 1 
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n e a r  t h e  threshold  of  r e a c t i o n  rr-P -I KZ f o r  f ind ing  t h e  r e l a t i v e  p a r i t y  of  t h e  

A- and x-hyperons, has  been suggested as being a p p l i c a b l e  t o  r e a c t i o n s  with 

s t r a n g e  p a r t i c l e  production. 

There w a s  no success  i n  discovering cusps i n  t h e  experimenfs connected 

with t h e  i n v e s t i g a t i o n  of  t h e  Eq. (1)  r e a c t i o n  because of  t h e  e x t r a o r d i n a r i l y  

r i g i d  requirements with r e s p e c t  t o  t h e  energy r e s o l u t i o n ,  but  t h e s e  experiments 

d i d  provide many o t h e r  i m p o r t a n t  and i n t e r e s t i n g  c h a r a c t e r i s t i c s  of  t h e  react ion.  

I 

Figure  1. Total  c r o s s  s e c t i o n  of t h e  Figure 2. C h a r a c t e r i s t i c  shape of 
Eq. (1) r e a c t i o n  i n  terms of n-meson t h e  angular  d i s t r i b u t i o n  of A-hyperons 
k i n e t i c  energy [41. i n  a CM-system f o r  t h e  Eq. (1) 

reac t ion ;  E = 905 MeV. rr 
I t  developed t h a t  E has  a c l e a r l y  defined maximum when E = 925 M e V ,  and a s m a l l  rr Tr 

l!&oulder\! when E = 829 M e V  (F igure  l), when t h e  t o t a l  r e a c t i o n  c r o s s  s e c t i o n  

i s  p l o t t e d  i n  t e r m s  of primary rr-meson energy. The p r i n c i p a l  movement of t h e  

I\-hyperons (K-mesons) i n  t h e  CM-system f o r  t h e  r e a c t i o n  is backward (forward) 

r e l a t i v e  t o  t h e  movement of t h e  primary meson (Figure 2 ) .  

4 i n  t h e  polynomia l  dQ /dn = CCn c o s  

CM-system, made an unexpectedly g r e a t  c o n t r i b u t i o n  near  t h e  threshold  i n  t h e  

approximation of t h e  angular  d i s t r i b u t i o n  of t h e  secondary p a r t i c l e s .  The 

dependence of p o l a r i z a t i o n  on 8 becomes zero t w i c e  (Figure 3 )  i n  t h e  region of  t h e  

rr 

The terms with n = 3; 
n 8, where 8 is t h e  angle  of emission i n  a L 6 9  

shoulder  (En = 829 M e V ) ,  and once i n  t h e  region of t h e  peak (F igure  4).  
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Figure  3. The cuP(8) ( d a / d Q )  rela- 
t i o n s h i p  f o r  A-hyperons i n  t h e  Eq. 
(1) reac t ion .  E = 829 MeV; 

ll 
~y is  t h e  parameter f o r  t h e  
asymmetry of t h e  I\-decay (a < 0 ) ;  
P ( e )  is t h e  p o l a r i z a t i o n  [21. F igure  4. The cyP(8) r e l a t i o n s h i p  when 

E = 990 M e V  [2]. 
l-r 

L e t  us cons ider  t h e  kinematics  of t h e  E Q .  (1) reac t ion .  The d i f f e r e n t i a l  

c r o s s  s e c t i o n  can be w r i t t e n  i n  general  form as follows: 

where 

k and k are proton and hyperon momenta, r e spec t ive ly ;  

W is t h e  t o t a l  energy i n  t h e  CM-system; 

1 2 

is t h e  mat r ix  element f o r  t h e  t r a n s i t i o n  from t h e  i n i t i a l  t o  

t h e  f i n a l  condi t ion ;  
Tif  

A i s  t h e  r eac t ion  amplitude. 

The expansion of t h e  af ipl i tude i n  e igenfunct ions  of t h e  t o t a l  momentum 

wheh t h e  p m t o n  t a r g e t  is not  polar ized  c a n ' b e  represented  i n  t h e  form 

A' N [fLi ( ur) - f ; - l C  W)] p[ (COS 0 )  - 2 Ifi' ( V - 
1>1 I>1 

- fr- ( w)] pit (COS e) COS e f i C[f i+  ( w)- f l -  ( \V')1 P;(COS 6) sin 8, 
1>1 

where 

8 is t h e  angle  of emission of  a hyperon r e l a t i v e  t o  t h e  d i r e c t i o n  

i n  which a primary meson is moving; 
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f: are p a r t i a l  amplitudes f o r  t h e  o r b i t a l  momentum, I ,  and f o r  t h e  t o t a l  

momentum j = 1 + 1/2 and j = 1 - 1/2; 

Pl (cos e )  is a d e r i v a t i v e  o f  t h e  Legendre polynomial. 

The amplitude A+ corresponds t o  t h e  pro jec t ion  of  hyperon sp in  i n  t h e  

1 

d i r e c t i o n  n = k x k2/I kl x k21, equal t o  + 1/2; A- is t h e  amplitude f o r  t h e  
1 

p ro jec t ion  equal t o  -1/2. Using t h e  expansion o f  A, t h e  d i f f e r e n t i a l  c r o s s  

s e c t i o n  can be w r i t t e n  i n  t h e  form 

do 
d3 . -= I f l I * +  if2IZ-2coseRe (f,fa+). 

H e r e  

The expression f o r  po la r i za t ion  too i s  r e a d i l y  ob ta inab le  as 

I A+.[' - I A- I*  - 2 s i n B I 1 n ( f , f ~ * )  . p(e) = ~~ - 
' 

I A+ la+ I A- is do/dQ 

(2) 

The more n a t u r a l  approach, from t h e  experimental  po in t  of  view, and a f te r  

adapt ing Eqs. (2) and (3.) t o  t h e  angular  d i s t r i b u t i o n s  and t o  t h e  p o l a r i z a t i o n  

d i s t r i b u t i o n  obtained,  i s  t o  a t tempt  t o  f i n d  t h e  magnitudes o f  t h e  p a r t i a l  

amp1 i tudes ,  

t h e  th re sho ld  of  r eac t ion  np  + KA 
f o r  purposes of  ana lys i s .  This  w a s  t he  b a s i s  f o r  t ak ing  i n t o  cons idera t ion  

Rimpault used t h i s  procedure [2]. The range o f  ene rg ie s  from f t  
(768 M e V )  t o  1000 M e V  w a s  used i n  h i s  work 

only  a l imi t ed  number of  complex amplitudes of  f Used i n  t h e  computations - /71 1. -t f + - 
w e r e  f , f l  , f2-, f3 , 12 unknowns i n  a l l .  The s o l u t i o n  w a s  found by min- 

imiz lng  t h e  expression 

k 

N2 = (A,+ - f l n T ) 2  + (A,- - / c ) 2 ,  
( 4 )  

1-1 
where 

k is  t h e  number o f  i n t e r v a l s  i n  t h e  angular  d i s t r i b u t i o n s ;  
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da/dQie, P(Q)ie are t h e  experimental  va lues  f o r  t h e  d i f f e r e n t i a l  c r o s s  

s e c t i o n  and f o r  t h e  p o l a r i z a t i o n  i n  t h e  ia angular  i n t e r v a l ,  

r e spec t ive ly .  

A s  w i l l  be  seen, t h e  method used is an ingenious modi f ica t ion  of  t h e  least 

squares  method so as t o  reduce t h e d e g r e e o f  t h e  equat ions  f o r  determining t h e  
- - - + 

amplitudes.  The computations showed t h a t  ampli tudes f 9 f l  9 f 2  , f3 , played 

a dominant r o l e  i n  t h e  energy r a n g e  inves t iga t ed ,  and t h a t  t h e i r  squares  can 

reach magnitudes o f  t h e  o r d e r  of 20 pbarns (depending on t h e  energy of  E 1. 
Tr 

Figures  2 through 4 show t h e  d i s t r i b u t i o n s  corresponding t o  t h e  s o l u t i o n s  

ob t  ained. 

a .  

If t h e  amplitude f - is represented  i n  t h e  form o f  a Breit-Wigner d i s -  3 
t r i b u t  i on  

C 
w,a - wa -mi2 ' fs- = 

( C  i s  a normalizing c o n s t a n t ) ,  t h e  va lues  obtained f o r  t h i s  amplitude w i l l  

correspond t o  t h e  parameters En* 890 MeV (Wr 

These magnitudes co inc ide  wi th  t h e  parameters f o r  t h e  F -resonance f o r  

e las t ic  TN-scattering ( t h e  i s o t o p i c  sp in  state 'is T=1/2). 

wi th  respec t  t o  t h e  energy a l s o  i s  confirmation of t h e  presence of  resonance. 

1685 M e V ) ,  wi th  r 180 MeV.  

5/ 2 - 
3 

The behavior  of  f 

S ince  magnitude va lues  w e r e  sought by adapt ing t o  angular  d i s t r i b u t i o n s  

and p o l a r i z a t i o n  it is only  n a t u r a l  t h a t  t h e  computed curves  descr ibe  t h e  ex- 

perimental  r e s u l t s  very w e l l  i n  t h e s e  cases (see Figures  2 through 4 ) .  The 

s i t u a t i o n  w a s  demonstrably cons iderably  worse f o r  t o t a l  c r o s s  sec t ions .  In  t h e  

reg ion  of  t h e  peak f o r  i n  terms of t h e  energy ( E  925 M e V ) ,  t h e  computed 

c r o s s  sec t ion  w a s  obtained as h a l f  t h e  experimental  c r o s s  sec t ion .  This  means 

t h a t  t h e  s i t u a t i o n  i s  incomparably more complex than  it would be i f  it w e r e  

evaluated from a common sense s tandpoin t .  One poss ib l e  way t o  overcome t h e  

divergence t h u s  appearing i s  t o  use  d i f f e r e n t  v a r i a n t s  of  t h e  set  of p a r t i a l  

amplitudes,  and even t o  inc lude  g r e a t e r  momenta. However, it is  q u i t e  clear 

t h a t  t h e  p a r t i c i p a t i o n - o f  resonance states i s  necessary i n  o r d e r  t o  expla in  t h e  

T r x  
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g 

behav'ior of t h e  total  c r o s s  sect ion.  /72 

Another d i r e c t i o n  i n  t h e  t h e o r e t i c a l  a n a l y s i s  of t h e  d a t a  on t h e  Eq. (1) 

r e a c t i o n  is based on d e f i n i t e  assumptions concerning t h e  dynamics of t h e  process.  

It is bel ieved t h a t  t h e  p r i n c i p a l  experimental c h a r a c t e r i s t i c s ,  such as  t h e  

t o t a l  c r o s s  s e c t i o n  i n  terms of  t h e  energy, t h e  angular  d i s t r i b u t i o n s  of  t h e  

hyperons (K-mesons), and p o l a r i z a t i o n s ,  provide a means f o r  consider ing t h e  

amplitude of t h e  r e a c t i o n  i n  t h e  form of  a sum of Born amplitudes and t h e  con- 

t r i b u t i o n  from t h e  resonance condi t ions  i n  t h e  s t r a i g h t  and i n t e r s e c t i n g  channels.  

The p o s i t i o n  and width of t h e  resonances are considered t o  be a d d i t i o n a l  para- 

meters. 

A s  is known, t h e  kinematics  of a two-part ic le  r e a c t i o n  can be descr ibed most 

simply by Mandelfstam [sic] v a r i a b l e s  

a r e  four-dimensional nucleon (hyperon) and n-meson 

The Born term i n  t h e  s-channel 
2 l ( 2 )  and 1(2) 

H e r e  p 

(K-mesonlmomenta, r e s p e c t i v e l y ,  and p1 

corresponds t o  t h e  single-nucleon intermediate  s ta te  (Figure 5a) .  The Born 

t e r m  i n  t h e  u-channel can be descr ibed by a s i n g l e - p a r t i c l e  diagram with exchange 

of a s t range  baryon (f) (Figure 5b) .  F i n a l l y ,  t h e  t e r m  with t h e  K*-meson 

i n  t h e  intermedcate s ta te  (Figure 5c) is  considered i n  t h e  t-channel] 

1 '  
= m 

Various combinations of Born poles  and resonance t e r m s  have been inves t iga ted .  

Kanazawa [ 3 ]  attempted t o  expla in  t h e  experimental d a t a  by consider ing t h e  am- 

p l i t u d e  of t h e  reac t ion  i n  t h e  form of t h e  sum of t h r e e  t e r m s ,  t h e  nucleon pole,  

t h e  C-pole, and a resonance t e r m ,  t h e  

parameters of which w e r e  determined by 

adaptat ion t o  t h e  experiment. There 

was success  i n  obta in ing  agreement with 

t h e  experiment i n  t h e  region of t h e  ,Icxx A P  
a b P C  t o t a l  c r o s s  s e c t i o n  peak f o r  t h e  con- 

d i t i o n  t h a t  P 1/2- o r  P3/2-resonance 

Figure 5. Diagrams corresponding t o  t h e  was included. However, t h e  model - /73 
Eq. (1) react ion.  yielded an i n c r e a s e  i n  t h e  percentage 
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of K-mesons moving i n  t h e  rear hemisphere with i n c r e a s e  i n  energy. This  was 

not  confirmed experimentally.  

p1,2 

'312 

'612 

Hoff [4] considered a model with two resonances;  one i n  t h e  region of t h e  

r e a c t i o n ' s  t o t a l  c r o s s  s e c t i o n  peak, t h e  o t h e r  i n  t h e  region of t h e  "shoulder" when 

E = 829 MeV. A term, corresponding t o  t h e  K*-meson exchange, was introduced 

i n  o r d e r  t o  explain t h e  angular  d i s t r i b u t i o n  of  hyperons. It should be pointed 

o u t  t h a t  t h i s  t e r m  most n a t u r a l l y  descr ibes  t h e  backward movement of hyperons i n  

t h e  CM-system f o r  t h e  reac t ion ,  whereas t h e  nucleon pole provides a symmetrical 

divergence, with t h e  C-exchange leading pr imar i ly  t o  t h e  forward movement of 

hyperons i n  t h e  CM-system. The las t  two terms must be combined with d e f i n i t e  

weights  and with oppos i te  s i g n s ,  i n  o r d e r  t o  adapt t h e  d a t a  from t h e  experiment 

based on t h e s e  terms. 

Tr 

1497 89 

1534 105 

1690 100 

Analysis revealed t h a t  p o l a r i z a t i o n  i n  t h e  b a s i c  d a t a  can be described by 

t h e  i n t e r f e r e n c e  of t h e  K*-exchange t e r m  and of t h e  resonant P -wave. The 

P v a r i a n t  i s  r e j e c t e d  o n ' t h e  ground t h a t  it y i e l d s  a forward peak f o r  hyperon 

divergence a t  energ ies  above resonant.  It was p o s s i b l e  t o  descr ibe  p o l a r i z a t i o n  

n e a r  E 

1/2 

3/2 

5 K w a v e  
= 829 MeV by including t h e  resonant F 

n 
The resonance parameter va lues  l i s t e d  i n  Table 1 can be obtained by repre- 

s e n t i n g  t h e  resonance amplitudes i n  Breit-Wigner form. Analogs f o r  t h e s e  reson- 

ances  w e r e  not  found i n  e las t ic  nN-scattering. 

TABLE 1 

The Hoff model s a t i s f a c t o r i l y  descr ibes  t h e  e n t i r e  set of experimental d a t a  

up t o  t h e  threshold  of t h e  r e a c t i o n  v p  + a. A f t e r  t h a t ,  however, t h e r e  i s  a 

sharp  d e t e r i o r a t i o n  i n  concordance.with t h e  experiment. F i r s t  of a l l ,  t h e  com- 

puted t o t a l  c r o s s  s e c t i o n  becomes l a r g e r  than t h e  experimental  one by a f a c t o r  of 

2. Second, t h e  shape of t h e  angular  d i s t r i b u t i o n  changes with increase  i n  energy. 

The A-hyperons begin t o  move forward i n  t h e  CM-system. The s implest  way t o  

attempt t o  expla in  t h e  unsoundness of t h e  model a t  t h e s e  energ ies  r e q u i r e s  t h e  

i n c l u s i o n  of o t h e r  p a r t i a l  waves. 
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A s  d i s t ingu i shed  from t h e  a n a l y s i s  made by Hoff, re fe rence  [51 considered /74 - 
t h e  amplitude o f  t h e  r e a c t i o n  i n  t h e  form of sums of t h e  K*-exchange term and 

t h e  resonances corresponding t o  t h e  e s t ab l i shed  resonances of  t h e  nN-scattering 

with i s o t o p i c  sp in  T = 1/2. Resonances used a r e  l i s t e d  i n  Table 2. 

What fol lows from t h e  computation is t h a t  t h e  t o t a l  c r o s s  sec t ion  cannot be 

descr ibed  s a t i s f a c t o r i l y  by any p a i r  o f  resonances from Table 2. Nevertheless ,  

t h e  v a r i a n t  with a combination of  P- and F-waves comes c l o s e s t  t o  t h e  experimental  

po in ts .  It should be  pointed out  t h a t  t h e  angular  d i s t r i b u t i o n s  and p o l a r i z a t i o n  

are descr ibed b e t t e r  by combinations of P- and D-waves than by o t h e r  poss ib l e  

pa i r s .  A computation w a s  made f o r  t h r e e  resonances as  w e l l .  Only angular  d i s -  

t r i b u t i o n s  w e r e  descr ibed s a t i s f a c t o r i l y ,  however. In  t h i s  va r i an t  t h e  t o t a l  

c r o s s  sec t ion  can be  descr ibed only  q u a l i t a t i v e l y ,  and gene ra l ly  speaking t h e r e  

w a s  no success  i n  obta in ing  concordance with t h e  experiment f o r  po la r i za t ion  

d i s t r i b u t i o n s .  

The above-considered papers  discussed the  s i n g u l a r i t i e s  of t h e  amplitude 

of t h e  r eac t ion  c l o s e s t  t o  t h e  physical  region;  t h e  con t r ibu t ion  of long-range sing- 

u l a r i t i e s  w a s  assumed s m a l l .  An at tempt  can be made t o  t ake  t h i s  con t r ibu t ion  

i n t o  cons idera t ion  i n  some fash ion ,  a t  least i n  p r inc ip l e .  An attempt such as t h i s  

w a s  made i n  [6]. The au thors  considered t h e  amplitude i n  t h e  form of t h e  sum of  

t h e  nucleon pole ,  t h e  z-exchange term, t h e  K*-exchange, and t h e  resonance F i n  

t h e  channel with i sosp in  T = 1/2 (1688 MeV). The remainder of  t h e  amplitude w a s  

represented i n  t h e  form of  a polynomial i n  s and t va r i ab le s .  The c o e f f i c i e n t s  

of t h i s  polynomial, as  w e l l  as t h e  s t a t i s t i c a l  weights of t h e  resonance t e r m s  w e r e  

considered as  parameters. The numerical r e s u l t s  w e r e  obtained by adapting t h e  gen- 

eral computational express ions  t o  t h e  experimental  angular  d i s t r i b u t i o n s  f o r  prim- 

a r y  n-meson ene rg ie s  E = 791, 829, and 870 MeV.  

up t o  F 

5/2 

I t  w a s  shown t h a t  p a r t i a l  waves 

inc lus ive ,  took p a r t  i n  t h e  r eac t ion ,  but t h a t  condi t ions  S and 
7/2' 1/2 

P played t h e  p r i n c i p a l  r o l e  i n  t h e  region considered. I t  is very i n t e r e s t i n g  

t o  f i n d  ou t  t h a t  t h e  amplitude P ac ted  l i k e  t h e  real p a r t  of t h e  resonance 
3/2 

3/2 
amplitude corresponding t o  W % 1660 M e V ,  depending on t h e  energy. r 

The set  o f  parameters i n  t h i s  paper could only  desc r ibe  t h e  t o t a l  c r o s s  

s e c t i o n  of t h e  r eac t ion  from t h e  th re sho ld  to  an energy E = 830 MeV. Polar-  

i z a t i o n  d i s t r i b u t i o n s  w e r e  no t  a t  a l l  i n  concordance with t h e  experiment, even 

i n  t h i s  i n t e r v a l .  Hence, it is apparent t h a t  t h e  s i t u a t i o n  i n  t h e  channel with 

T = 1/2 is extremely complex, and f a r  from exhausts  t h e  s t o r e  o f  d a t a  obtained 

i n  t h e  rrN-scattering, A d e t a i l e d  a n a l y s i s  of  t h e  t h e o r e t i c a l  work done r evea l s  

TI 
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t h a t  t h e  l a c k  of  success  i n  expla in ing  t h e  Eq. 1 r e a c t i o n  is a t t r i b u t a b l e  t o  a 

number of  circumstances,  p a r t i c u l a r l y  t o  t h e  inadequate cons idera t ion  given t o  

t h e  u n i t a r i t y  r a t i o ,  t o  n e g l e c t ,  without s p e c i f i c  bases ,  o f  t h e  imaginary p a r t s  

o f  certain p a r t i a l  amplitudes,  and o thers .  A d e t a i l e d  a n a l y s i s  is beyond t h e  - /75 
scope of  t h i s  paper, 

What fol lows is important,  and must be pointed out .  It is completely 

clear a t  t h i s  po in t  t h a t  t h e  explanat ion f o r  t h e  Eq. (1) r e a c t i o n  r e q u i r e s  t h e  

use  of  t h e  resonance condi t ions  w i t h  t h e  K-meson and A-hyperon decay channel. 

The p o s s i b i l i t y  of  t h e  ex is tence ,  i n  t h i s  channel, of  resonance condi t ions  t h a t  

w e r e  not  discovered i n  t h e  e las t ic  UN-scattering, f o r  whatever reason, cannot 

b e  excluded. A. I. Baz', e t  a l , , p o i n t e d  t o  t h e  p o s s i b i l i t y  of t h e  ex is tence  

o f  t h i s  resonance [71. Analyzing t h e  d a t a  on t h e  behavior  o f  t h e  c r o s s  s e c t i o d  

of  t h e  np + KC and np  + K A  r e a c t i o n s ,  t h e y  concluded t h a t  t h e  ex is tence  of  a 

l e v e l  i n  t h e  KC-system with i s o s p i n  T = 1/2 and binding energy Q - 30 M e V ,  w a s  

poss ib le .  This l e v e l  should r e s u l t  i n  resonance i n  t h e  KA-system below t h e  

threshold  of C-hyperon production. The au thors  emphasized t h e  fact t h a t  

KA-resonance is a secondary phenomenon a t t r i b u t a b l e  t o  t h e  per iphera l  i n t e r -  

a c t i o n s  of  near- threshold p a r t i c l e s .  

0 -  

2. KA-Resonances. Survey of  t h e  Experimental D a t a  

Y e .  V. Kuznetsov, e t  al. [81, made t h e  first attempt a t  a d i r e c t  experi-  

mental f ind ing  of resonances i n  t h e  KA-system. Heavy-liquid bubble chambers 

w e r e  used t o  s tudy t h e  production of  A-hyperons and K-mesons by n-mesons with 

= 2.8 Gev/c. I n v e s t i g a t i n g  t h e  binding energy d i s t r i b u t i o n  f o r  t h e  system 
pll 

where 

i s  p a r t i c l e  energy; 

is a three-dimensional pu lse ;  

Ei 

'i 

M and MK a r e  t h e  I\-hyperon and K-meson masses, r e s p e c t i v e l y ,  
A 

t h e  au thors  found a concent ra t ion  of events  near  t h e  low Q values.  Also 

found w a s  a notab le  percentage of  cases when a meson and a hyperon move i n  t h e  

same d i r e c t i o n .  Meson-hyperon p a i r s  of t h e s e  events  had a low 

KA 

%A These 
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fac ts  w e r e  t h e  b a s i s  f o r  t h e  conclusion t h a t  resonance i n  t h e  KA-system wi th  

a mass o f  1650 MeV exists. This  r e s u l t ,  it would appear,  confirmed H o f f f s  

prognosis  and, i n  add i t ion ,  agreed with t h e  conclusion drawn by Bertenza,  e t  al. 

[SI ,  who explained t h e  anomalous behavior o f  t h e  p o l a r i z a t i o n  of  t h e  A-hyperon 

i n  t h e  Eq. (1) reac t ion  f o r  energy E 

value.  

= 829 MeV by t h e  resonance wi th  t h i s  mass 
n 

However, re fe rence  [lo], which is a cont inua t ion  o f .  t h e  research  repor ted  

i n  [81, used a much more d e t a i l e d  ana lys i s ,  and incomparably g r e a t e r  s t a t i s t i ca l  

materials, t o  prove t h a t  t h e  experimental  accurac ies  obta ined  w e r e  such t h a t  

they  d id  not  permit making a judgment as t o  t h e  appearance of KI\-resonances 

aga ins t  a background of  random processes.  

- /76 

Reference [ll] used spark chambers t o  s tudy t h e  genera t ion  of  t h e  KOA-system 

ill t h e  n-p + KOA# r eac t ion  f o r  a primary energy of 1.508 G e V .  

mesons w e r e  i d e n t i f i e d  from t h e  photographed geometry of t h e  divergence and from 

t h e  ion iza t ion  o f  t h e  decay products.  Ion iza t ion  w a s  es t imated  from spark 

b r i l l i a n c e .  

r eac t ion  took p lace  as a two-par t ic le  r eac t ion  with t h e  p a r t i c i p a t i o n  of ~* (1380) -  
resonance: n p  + I@Y*O. 

Hyperons and K- 

Analysis revealed t h a t  i n  approximately 84% of t h e  cases t h e  

A simple s ta t i s t ica l  curve  cannot be Used t o  desc r ibe  t h e  d i s t r i b u t i o n  i n  

terms of  t h e  e f f e c t i v e  m a s s  o f  t h e  fiA-system. 

f l e c t i o n  i n  t h i s  spectrum w i l l  improve concordance of  t h e  computation with t h e  

experiment, but  t h e  experimental  r e s u l t s  have a 3% p r o b a b i l i t y  of compa t ib i l i t y  

with t h e  ex is tence  of  resonance i n  t h e  KA-system (M 

Considerat ion of t h e  Y* re- 

1680 M e V ) .  KA 
+ + 

The K I\-system, i s o t o p i c a l l y  bound t o  t h e  KOA-system, w a s  s tud ied  i n  n 

p - in t e rac t ions  f o r  energy E = 1.95 GeV.  The following r e a c t i o n s  w e r e  i n v e s t i -  

gated i n  a 20" l iquid-hydrogen bubble chamber [121 
TT 

A concent ra t ion  of  events  c l o s e  t o  t h e  mean value f o r  t h e  m a s s  of t h e  An- 
i 

system 1380 MeV,  

1688 M e V ,  w a s  found on t h e  D a l i t s  graphic  f o r  t h e  Eq. 

and c l o s e  t o  t h e  m e a n  value f o r  t h e  m a s s  o f  t h e  K I\-system 

( 8 )  channel. The au thors  
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+ expla in  t h i s  by t h e  appearance o f  decays i n  t h e  resonance Y*(1380) -+ I\n 9 and 

i n  t h e  i soba r  N*+(1688) -+ K+A. 

which t h e  i soba r  p a r t i c i p a t e s ,  and v i c e  versa.  

It  s e e m s  t h a t  Y* i s  missing i n  t h e  r eac t ions  i n  

+ 
A 3011 propane chamber w a s  used t o  s tudy  t h e  IT-p -+ K AIT- and IT-p -+ @A+ 

r e a c t i o n s  [l3]. The primarymomentumwas 2.0 G e V / c .  Mass d i s t r i b u t i o n s  f o r  

t h e  Kn,  and KA systems w e r e  obtained.  The experimental  d i s t r i b u t i o n s  w e r e  

compared with t h e  computed d i s t r i b u t i o n ,  taken i n  t h e  form 

F(mjj) = aFph $- pF( v*) +r F(K*), 
where 

m is the  m a s s  f o r  t h e  combination of  t h e  i@ and j t h  p a r t i c l e s ;  

F is  t h e  phase d i s t r i b u t i o n ;  

F(Y*) and F(K*) are d i s t r i b u t i o n s  t h a t  t a k e  i n t o  cons idera t ion  t h e  con- 

i j  

Ph 

t r i b u t i o n  o f  resonances Y*(1385) and K*(888). These d i s t r i b u t i o n s  

w e r e  w r i t t e n  i n  t h e  Breit-Wigner form. 

It w a s  found t h a t  a l l  t h r e e  experimental  histograms can be adequately w e l l  

w r i t t e n  using t h e  fol lowing va lues  f o r  t h e  p a r t i a l  weights:  

y = 0.37. 
cases on t h e  computed curve nea r  1.86 G e V  i n  t h e  KA-system m a s s  d i s t r i b u t i o n .  

= 0.18, 0 = 0.45; - /77 
However, t h e r e  are d e f i n i t e l y  more observed cases than t h e r e  are 

Wangler, et  al.,  used a 20" liquid-hydrogen chamber t o  i n v e s t i g a t e  t h e  - 
production of s t r ange  p a r t i c l e s  i n  TT p-co l l i s ions  wi th  

[14]. The d i s t r i b u t i o n  i n  terms of e f f e c t i v e  m a s s  M w a s  c l o s e  t o  t h e  curve 
KA 

f o r  t h e  phase volume i n  shape i n  channels with t h r e e  p a r t i c l e s  i n  t h e  f i n a l  

s ta te  There are no s t a t i s t i c a l l y  guaranteed anomalies here.  

Channels with four- p a r t i c l e s  i n  t h e  f i n a l  state (=+IT-/@ and ~ - T @ I \ K + )  y i e l d  

e f f e c t i v e  mass d i s t r i b u t i o n s  wi th  a c h a r a c t e r i s t i c  concent ra t ion  of events  near  

t h e  l e f t  l i m i t  f o r  both combinations of s igns  f o r  t h e  KA-system, something t h a t  

i s  pecu l i a r  t o  m u l t i p a r t i c l e  phase volumes, but  narrow spikes near  M = 

1.675 G e V  and M = 1.95 G e V  can  be observed. While t h e  first anomaly may corre- 

spond t o  an N* (1688) -+ KA decay, t h e  second ( i f  it is a u t h e n t i c ) ,  corresponds 

t o  an unknown resonance. 

momentum of  3 G e V / c  

(K'An- and KOA#). 

KA 

KA 

1/2 

The au thors  analyzed t h e i r  d a t a  and concluded t h a t  t h e r e  i s  a s t rong 
+ -  c o r r e l a t i o n  between t h e  Y*o and K*o productions i n  t h e  I T - ~  -+ An% IT 

t h a t  is; t h e  r eac t ion  has  t h e  quasi- two-part ic le  form TT p -+ YCoK*O. 

reac t ion ,  

There is  
- 
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- 
no such c o r r e l a t i o n  i n  t h e  -rr p - - +  

n n K  reac t ion .  This  can be understood on t h e  

b a s i s  of t h e  one-meson exchange representa t ion .  

occur a t  t h e  same t i m e  as K*O and Y*o are produced i n  a r eac t ion  with a K o r  

a K*+ exchange only  during an exchange with a pos i t i ve  meson with a dual charge 

and comparatively s m a l l  m a s s .  No such meson has  ever  been found. K* production 

p lays  a s i g n i f i c a n t  r o l e  i n  a t h r e e - p a r t i c l e  channel 

Y* a s m a l l  one. 

A K*+ ,  K*+ Y*'-system can 

+ -  
( A 0 f i n o ) ,  with t h e  r o l e  o f  

The m a s s  spectrum of  t h e  #A-sys tem generated by T--mesons with m o m e n t u m  

of  3.86 G e V / c  on l i g h t  nuc le i  (C, F, C1) w a s  s tud ied  by a group from t h e  MIFI 

[Moscow Engineering Physics  I n s t i t u t e )  i n  a 105 cm bubble chamber f i l l e d  with a 

mixture o f  l i g h t  f r eons  [15]. The e f f e c t i v e  m a s s  d i s t r i b u t i o n  M has  t h e  form 

c h a r a c t e r i s t i c  of m u l t i p a r t i c l e  f i n a l  states. Events are grouped near  s m a l l  m a s s  

va lues  f o r  M f o r  t h e  most pa r t .  Peaks are found i n  t h e  i n t e r v a l s  1.65 G e V  < 
M < 1.8 G e V  and 1.9 G e V  < M < 2.0 G e V .  A conclusion i s  drawn concerning t h e  

appearance of  resonance i n  a K A - s y s t e m  with parameters M - 1.94 G e V  and r - 100 

MeV. Bertanza, e t  al., [161, s tudying t h e  n- + p + A + K + (accompaniment) reac t ion ,  

observed t h e  appearance of A-hyperons, emit ted toge the r  with K-mesons i n  t h e  

f r o n t  hemisphere when t h e r e  is  an inc rease  i n  t h e  m u l t i p l i c i t y  of  n-meson accom- /78 

pan'iment. Hyperons f l y  s t r a i g h t  backward when m u l t i p l i c i t y  is  s m a l l .  The 

au thors  explain t h i s  by saying t h a t  when m u l t i p l i c i t y  i s  s m a l l  t h e  KI\-system is  

produced i n  t h e  pe r iphe r i a l  i n t e r a c t i o n ,  and t h a t  t h e  r o l e  of c e n t r a l  c o l l i s i o n s  

inc reases  with increase  i n  m u l t i p l i c i t y .  N o  d i r e c t  observa t ions  of resonances i n  

t h e  KA-system w e r e  made. 

KA 

KA' 

- KA KA 

KA 

- 

Reference [17] is an extremely d e t a i l e d  inves t iga t ion  of t h e  j o i n t  produc- 

t i o n  of  A and K i n  t h e  i n t e r v a l  of momenta of v-mesons from 1.8 t o  4.2 

G e V / c .  There w e r e  no i n d i c a t i o n s  of  t h e  ex is tence  of  KA-resonances, d e s p i t e  t h e  

fact  t h a t  a very d e t a i l e d  m a s s  a n a l y s i s  of f i n a l  s ta tes  w a s  made. Of i n t e r e s t  

here  are t h e  r e s u l t s  pe r t a in ing  t o  t h e  formation of Y* and K* resonances. These 

can be discussed i n  some d e t a i l .  

Resonances Y*O and Y*-l make a s i g n i f i c a n t  con t r ibu t ion  i n  t h e  s ta te  with 

t h r e e  p a r t i c l e s  a t  t h e  end up t o  ene rg ie s  of t h e  order  of  2.5 G e V .  The i r  weight 

decreases  with increase  i n  energy, but f o r  En = 3.3 G e V  t h e  con t r ibu t ion  Y*O t o  

t h e  I\Kono s ta te  is  still some 30%; t h e  weight of Y* 

r o l e  of  K* resonance e x i s t s  over  t h e  e n t i r e  i n t e r v a l  of  ene rg ie s  inves t iga ted .  

1 

- 
drops o f f  more rapidly.  The 
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Even i n  t h i s  case t h e  resonance production c r o s s  s e c t i o n  f a l l s  with inc rease  i n  

energy, wi th  K* 
i 

subsiding more r a p i d l y  than K*'. 

The combined production of Y*  (1385) and K* (890) predominates f o r  four -  1 
and f i v e - p a r t i c l e  f inal  states from 1.8 t o  2.2 G e V ,  t o  t h e  ex ten t  t h a t  t h e  

ma jo r i ty  of t h e  r e a c t i o n s  can  be  explained by quas i - two-par t ic le  arrangements: 

7~ p + Y*K*. However, t h e  Y* and K* resonance product ion c r o s s  sec t ions  de- 

crease wi th  increase  i n  primary energy. 

- 

Resonance i n  a K+ I\-system with a m a s s  of some 1.7 G e V  w a s  found [I81 i n  

t h e  r e a c t i o n  

upon i r r a d i a t i o n  by n-mesons wi th  momentum of 6 G e V / c  i n  an 80'1 l iquid-hydro- 

gen bubble chamber. I t  is i n t e r e s t i n g  t o  no te  t h a t  t h e  au tho r s  f a i l e d  t o  f i n d  

ampl i f i ca t ions  i n  t h e  @ A  + 
and K A m a s s  spectrum i n  channels  

?r- 3-p' A + K o  +co 
(12) 

and 

They see t h e  explanat ion of t h e  e f f e c t  i n  t h e  p o s s i b i l i t y  of descr ib ing  t h e  

r e a c t i o n s  on t h e  bases  o f  exchange diagrams with t h e  product ion of  a KA-system 

a t  one apex. 

Associated wi th  t h e  Eq. (11) and Eq. (12) r e a c t i o n s  i n  a s t r a i g h t  s-channel /79 - 
corresponding t o  t h e  poss ib l e  i s o t o p i c  s p i n  

3/2' 
are two amplitudes A and A 

s ta tes  w i t h  unknown phase d i f f e rence .  Only one amplitude,  A 

(13) reac t ion .  Reactions i n  t h e  crossed t-channel can be descr ibed  i n  terms of  

t h e  i s o s p i n  exchange ampli tudes B and B ( I  = 0, I = 1 1 ,  e s t a b l i s h i n g  t h e  0 1 
G-pari ty  exchange (fo o r  e ) .  
w r i t t e n  i n  t h e  form 

1/2 
takes p a r t  i n  t h e  Eq. 3/2 ' 

Then t h e  c r o s s  s e c t i o n s  i n  t h e  t-channel can be 

where 

1. 'p is t h e  d i f f e r e n c e  i n  phases between B and B 0 
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Point ing out  t h e  fact t h a t  t h e  amplitudes B and B have oppos i te  s i g n s ,  0 1 
t h e  au thors  came to t h e  conclusion t h a t  t h e  suppression of t h e  AK-anomaly i n  t h e  

Eq. (12) and Eq. (13) r e a c t i o n s  takes p lace  as a r e s u l t  of t h e  i n t e r f e r e n c e  of 

small B 

i n  t h e  s-channel). 

does appear can be t h e  r e f l e c t i o n  of t h e  i s o b a r  N* (1688), but  t h e  experimental 

d a t a  are compahible with d i r e c t  proton d i s s o c i a t i o n  t o  AK+. 

1/2 
with Bo, which is l a r g e  i n  magnitude ( o r  of s m a l l  A with l a r g e  A 

1 3/2 
Reference [18] conta ins  t h e  conclusion t h a t  t h e  anomaly t h a t  

Associat ive I\ and K production i n  a heavy-liquid chamber (86% propane by 
- 

volume, 14% CF B r  by volume) by n -mesons with momenta of 6.1, 11.6, and 18.1 
G e V / c  w e r e  s tud ied  [19]. It  w a s  found t h a t  i n  a r e a c t i o n  with l i t t l e  n-meson accom- 

paniment, t h e  I\-hyperons w i l l  f l y  s t r a i g h t  backward ( t h e  K-mesons w i l l  f l y  f o r -  

ward). 

m u l t i p l i c i t y .  

l a rge .  

c l e a r l y  noted i n  t h e  experiment, so r e s u l t s  could be explained by polar  diagrams. 

3 

The sharpness of  t h e  angular  d i s t r i b u t i o n s  diminishes with increase  i n  

The four-dimensional momentum t r a n s f e r r e d  t o  t h e  hyperon is q u i t e  

Resonances i n  t h e  IC%' [K* (888)] and An', / \T~-[Y*~ (1385)l systems w e r e  

So far  as t h e  KA m a s s  d i s t r i b u t i o n s  are concerned, it is t h e  conten t ion  of 

t h e  au thors  t h a t  s i n c e  a str ict  c o r r e l a t i o n  was noted between t h e  va lues  of t h e  

binding energy % 
l a r g e  m u l t i p l i c i t y ;  l a r g e  BKI\ - s m a l l  m u l t i p l i c i t y ) ,  t h e  groupings of events  

n e a r  t h e  small binding energy va lues  can be explained by t h e  f a s t e r  kinematic,  

and n o t  resonance, effects. 

% -' 

and t h e  m u l t i p l i c i t y  of t h e  n-meson accompaniment ( s m a l l  
A 

Three-, four- and f i v e - p a r t i c l e  s ta tes  wi'h a A-hyperon and K-meson w e r e  

s tud ied  i n  an 80" liquid-hydrogen chamber i n  n-p-col l is ions with momentum o f  

7.91 G e V / c  [ZO]. Noted i n  t h e  m a s s  spectrum of t h e  AKo and AK -systems w a s  an 

i n t e n s i f i c a t i o n  with a mean m a s s  value M - 1.7 G e V  and a width of 75 t o  100 

+ 

KA 
MeV. Narrowspikes with- 1.9 t o  1.95 G e V  f o r  and - 1.8 t o  1.85 G e V  f o r  M /Bo KI\' - 
a l s o  w e r e  noted. The au thors  a r e  of t h e  opinion t h a t  t h e  anomaly with t h e  value 

MKA - 1.7 G e V  is t h e  r e s u l t  of t h e  decay of t h e  N* (1688) isobar .  

ev ident ly  a t t a c h  no s i g n i f i c a n c e  t o  t h e  o t h e r  i r r e g u l a r i t i e s .  

The au thors  

The a s s o c i a t i v e  production of  K-mesons and of  hyperons too  has  been q u i t e  

widely s tudied  as r e l a t e d  t o  NN-collisions, but  t h e  conclusions a s  t o  t h e  n a t u r e  

of  t h e  i n t e r a c t i o n  of a hyperon and a K-meson i n  t h e s e  r e a c t i o n s  a l s o  are am- 

b i  guou s . 



The Bierman group [21] used an 8011 hydrogen chamber t o  s tudy  pp-col l i s ions  

i n  t h e  case of  a 5.0 G e V / c  momentum. I n t e n s i f i c a t i o n  i n  t h e  m a s s  spectrum of  a 

K’A-system (pp -b pAK ) r e a c t i o n )  f o r  a value M 

t h e  au tho r s  say,  t h i s  can be explained by t h e  overlapping o f  t h e  e f f e c t s  of  

pe r iphe ra l  i n t e r a c t i o n  and t h e  decay of  t h e  N* (1688) i sobar .  The diagram with 

n-meson exchange can be t h e  b a s i s  f o r  a complete explana t ion  of t h e  r e s u l t s  of 

t h e  i n v e s t i g a t i o n  o f  t h e  p + p + p + n 

+ - 1.7 G e V  w a s  observed. As 
KA 

+ + A + fl reac t ion .  

pp-Coll is ions with momenkum of  5.5 G e V / c  a l s o  w e r e  s tud ied  i n  an 81 cm 

liquid-hydrogen chamber [22]. The 

p f A + K + ;  I 

n + A +  K+ + X+ . 1 

r eac t ion  w a s  inves t iga ted .  The au thors  c l a i m  t h a t  a peak appeared at  t h e  value 

M - 1.7 t o  1.8 G e V  i n  a l l  m a s s  d i s t r i b u t i o n s  f o r  a KA-system. It i s  t h e  

opinion of  t h e s e  au tho r s  t h a t  t h e  r e s u l t s  of t h e  experiment can be explained by 

a pe r iphe ra l  diagram with product ion o f  a K-meson and Y* at  a s i n g l e  apex. 

KA 

1 
+ (0) Reference [23], which inves t iga t ed  t h i s  same reac t ion ,  con ta ins  a AK 

mass spectrum. The primarytmrmentwnwas 6.92 GeV/c .  A concent ra t ion  of events  

with s m a l l  masses w a s  ob ta ined  i n  t h e  m a s s  spectrum f o r  a t h r e e - p a r t i c l e  praduct  

s ta te ,  and t h i s  can be explained by t h e  p + p + N* 

r e a c t i o n ,  o r  by t h e  pe r iphe ra l  i n t e r a c t i o n  i n  terms of a s i n g l e  meson exchange 

i n  which I\ and K occur a t  t h e  same apex. When t h e  au tho r s  analyzed t h e  pp-inter-  

a c t i o n  da ta  a t  lower ene rg ie s  they  found a s h i f t  o f  t h e  m a s s  d i s t r i b u t i o n  peak 

from M 

proton,  and t h i s  t ends  t o  f avor  t h e  per iphera l  i n t e r a c t i o n s  explanat ion,  Only 

t h e  s i n g l e  meson exchange is used t o  expla in  f o u r - p a r t i c l e  s ta tes  i n  t h i s  re- 

f erence . 

(1688) + p -+ A + K+ + p 
1/2 

1.7 G e V  t o  M - 1.8 G e V ,  wi th  increase  i n  t h e  energy o f  t h e  inc ident  /81 KA - KA - 

Reference [24] s tud ied  pp -co l l i s ions  with momentum of  10 G e V / c .  S t a t e s  

with f o u r  and f i v e  p a r t i c l e s  a t  t h e  end, A N K n  and A N K m ,  w e r e  reviewed. T h i s  

r e f e rence  cites t h e  i n t e n s i v e  production of  Y* (1380) and Y* (1650). The au thors  

estimate t h e  formation of t h e  N* (1688) i sobar  with a p r o b a b i l i t y  of about 18 

k 9% i n  these  reac t ions .  
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So far as t h e  KA-system is concerned, t h e r e  i s  an excess o f  t h e  experi-  

mental number o f  even t s  over  t h e  phase curve i n  t h e  m a s s  domain from 1.7 t o  2.0 

GeV i n  t h e  m a s s  d i s t r i b u t i o n ,  M i n  t h e  r eac t ion  p + p -+ I\ + K + N + v. A l -  

though concordance wi th  t h e  phase d i s t r i b u t i o n  i s  not  very good, t h e  s t a t i s t i c s  

w e r e  t o o  meager  f o r  t h e  au thors  t o  draw any conclusions as t o  t h e  presence o f  

resonances of  any s o r t  i n  t h e  KA-system. Additional information on t h e  experi-  

mental i nves t iga t ion  of resonances i n  t h e  KA-system can be  found i n  [25, 261. 

KA' 

-1650 

-1700 

18M 

- 1950 

Table 3 lists llresonancesIt observed by d i f f e r e n t  au tho r s  i n  t h e  KA-system. 

It must be emphasized t h a t  not  one of  t h e  resonances l i s t e d  i n  t h e  t a b l e  has  

been e s t ab l i shed  uniquely,  and conclusively.  

A K O  18, 91 - 

- 100 AK+ (u0) I12, 181 

AKO 129 

-100 Mo(AK+ 1 114, 151 

TABLE 3 
- 

Decay channel L i t e r a t u r e  I Effec t ive  m a s s ,  I Wi;:; r ' ,  1 
M ,  M e V  

Only t h e  fol lowing cons ide ra t ions  can be incorporated here.  The two- - /82 
p a r t i c l e  r eac t ion  np + KA i s  t h e  b e s t  s tud ied  one a t  t h i s  t i m e .  The charac te r -  

i s t i c s  of t h i s  r eac t ion  i n  t h e  energy domain nea r  t h e  C-hyperon production 

th re sho ld  can be understood i f  t h e  explanat ion of resonance i n  a KA-system with 

e f f e c t i v e  masses of  1.6 t o  1.7 G e V  i s  used. This  r eac t ion  h a s  not been analyzed 

t h e o r e t i c a l l y  a t  h igher  ene rg ie s ,  but t h e  experimental  d a t a  are extremely in-  

t e r e s t i n g .  Measurement o f  t h e  angular  d i s t r i b u t i o n s  of  A-hyperons has  shown t h a t  

t h e  r a t i o  o f  t h e  number o f  p a r t i c l e s  f l y i n g  backward i n  a CM-system t o  t h e  

p a r t i c l e s  f l y i n g  forward as a func t ion  of t h e  energy has  a minimum i n  t h e  case 

of a primary meson momenhinp = 1.35 G e V / c ,  a f te r  which it once again increases .  
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This  r a t i o  reaches a maximum when p = 2.0 GeV/c .  

been observed a t  

r e a c t i o n  as a funct ion  o f  t h e  energy [27]. This  behavior  of t h e  t o t a l  and d i f f e r e n t i a l  

c r o s s  s e c t i o n s  can be explained,  i n  p r i n c i p l e ,  by p o s t u l a t i n g  t h e  ex is tence  of 

resonance with m a s s  M - 1.9 G e V  i n  t h e  KA-system. S t i l l  u n c l e a r  i s  whether 

t h i s  is a r e f l e c t i o n  of  t h e  decay of  t h e  N* (1920) i s o b a r  w i t h  i s o t o p i c  Spin 

of 3/2 i n  t h e  N* + K + channel,  or a new resonance. The problem of KA reson- 

A second maximum a l s o  has  

p = 1.42 GeV/c on t h e  curve f o r  t h e  total cross-sect ion of t h e  

KA 

I + A + y  

ances i s  i n  need of  c a r e f u l  study. 

'3. Resonances i n  t h e  a - S v s t e m  

The i n v e s t i g a t i o n  of t h e  e - s y s t e m  was more successfu l .  Study of t h i s  

system made it p o s s i b l e  t o  observe ( cp ,  f l )  resonances, f o r  which t h i s  decay 

channel is t h e  main channel,  and helped t o  e s t a b l i s h  t h e  c h a r a c t e r i s t i c s  of t h e  

known ( A  ) resonances. The s tudy  made of  t h e  @-system provided i n d i c a t i o n s  of  

t h e  ex is tence  of new, a s  ye t  no t  f i n a l l y  e s t a b l i s h e d ,  (S* ,  G )  resonances. 

a .  

2 

0-0 The K K p a i r  can be c h a r a c t e r i z e d  by a d e f i n i t e  charge and space p a r i t y ,  

with C = P = (-l)', where t is t h e  moment of t h e  r e l a t i v e  momentum of K and z. 
A s  w e  know, it i s  not KO and i? t h a t  t ake  p a r t  i n  t h e  r e a c t i o n s ,  but t h e i r  l i n e a r  

0 0 0 0  0 0  
1 P.T \  1 1  

combinations K and K2. The charge p a r i t y  is p o s i t i v e  f o r  t h e  K K - and K2K2- 
v u  

systems, and negat ive  f o r  t h e  K K -system. Therefore,  resonances with p o s i t i v e  

p a r i t y  decay i n t o  K K - and $$-systems, those  with nega t ive  i n t o  K°Ko 

a l l  t h e  resonances observed i n  t h e  KK-system, only  t h e  cp-meson with mass M = 

1019.3 2 0.6 MeV and half-width r = 3.4 t 0.8 M e V ,  one of n ine  known vec tor  

mesons with 1- sp in  and p a r i t y ,  has  negat ive p a r i t y .  

1 2  0 0  
1 1  1 2' 

O f  

It can be observed q u i t e  

d i s t i n c t l y  i n  n - p a n d  K-p-interactions,  a s  w e l l  as during t h e  a n n i h i l a t i o n  of - /a3 
an t  i p r o  t ons . 

An anomaly a l s o  can be observed near  t h e  threshold  i n  t h e  K°Ko-system. 1 1  
However, it can be explained by S*  resonance [28, 291, as w e l l  a s  by t h e  long 

length  of  t h e  s c a t t e r i n g  of  a K-meson by a K-meson [ 3 0 ,  311. Resonance i n  t h e  
0 0  0 0  

K K -system with mass of about 1.3 G e V ,  which can be i n t e r p r e t e d  a s  Ao + K K 1 1  2 1 1' 
decay, w a s  observed f o r  t h e  f i r s t  t ime by V. V. Barmin, e t  a l . ,  [32]. Today 

t h i s  h a s  been confirmed by t h e  g r e a t  amount of work t h a t  h a s  been done using 

heavy-liquid [33] and hydrogen [34, 351 bubble chambers, a s  w e l l  a s  spark cham- 
0 0  
1 1  

b e r s  [29, 311. Most s tud ied  t h e  rr-p -b K K n o r  rr-p + KK + n e u t r a l  p a r t i c l e s  



r e a c t i o n s  with va r ious  n-meson mmenta (from r e a c t i o n  th re sho ld  t o  1 2  GeV/c). 

Severa l  resonances can be  observed simultaneously a t  high n-meson energies .  

The au thors  of  r e fe rence  E291 in t roduce  fou r  resonances (S*, fo, A2, G ) ,  t o  

expla in  t h e  spec t r a  of  e f f e c t i v e  masses f o r  t h e  K°Ko-system observed. 

0 

1 1  

An i n t e r e s t i n g  s i t u a t i o n  has  a r i s e n  i n  connection wi th  t h e  poss ib l e  s p l i t t i n g  

of  t h e  A2 resonance i n t o  two m a x i m a .  This  e f f e c t  w a s  found with t h e  a i d  of a 

d e f i c i e n t  m a s s  spectrometer  by G. Chikovani, e t  al.,  [361. Crennel l ,  et  al., 

[35], found t h i s  s a m e  s p l i t t i n g  with a hydrogen bubble chamber.. A s i g n i f i c a n t  

argument i n  favor  of t h e  ex i s t ence  of  two resonances i s  t h a t  t h e s e  people ob- 

served only  one of  t h e  two maxima i n  t h e  K°Ko-system i n  t h e  A -meson domain. 

This  l e d  t h e  au thors  t o  conclude t h a t  two resonances,  A2L and A 

quantum numbers, d id  i n  f a c t  e x i s t .  The d i f f e rence  i n  masses i s  40 MeV. The 

presence of two resonances with d i f f e r e n t  quantum numbers expla ins  t h e  d i f f i -  

c u l t i e s  t h a t  a rose  i n  e s t a b l i s h i n g  t h e  quantum numbers of t h e  A -meson C371. 
Other ,  c i r cums tan t i a l ,  evidence a l s o  is ava i l ab le .  Morrison C381, f o r  example, 

a r r i v e d  a t  h i s  conclusion as t o  t h e  presence of two resonances i n  t h e  A -meson 

on t h e  b a s i s  of  an a n a l y s i s  of  t h e  dependence of t h e  c r o s s  sec t ion  of t h e  pro- 

duct ion of resonances on t h e  primary energy. Nine mesons with 2 sp in  and p a r i t y  

are known. 

f , and f . It is  d i f f i c u l t  t o  expla in  the  ex i s t ence  of two A resonances wi th  

i d e n t i c a l  quantum numbers C391, wi th in  t h e  context  of SU -symmetry. It should 

a l s o  be pointed out  t h a t  one sees a s i n g l e  broad maximum i n  t h e  en-, as w e l l  as 

i n  t h e  e - s y s t e m ,  

over ,  one f i n d s  a maximum with a m a s s  of  some 1200 MeV ( t h e  so-cal led A 

resonance) with width r - 20 MeV [ k o ,  411 i n  t h e  pn-system. Fur ther  experiments 

are needed i n  t h i s  domain. 

1 1  2 
with d i f f e r e n t  2H' 

2 

2 

+ 

( four  st a t  es 1 , 1405 These are t h e  A2 ( t h r e e  i s o t o p i c  s t a t e s ) ,  t h e  K* 
0 0' 

2 

3 

i n  most of t h e  experimental  work i n  t h e  1300 M e V  range. More- 

l .5- 

4 .  R e s u l t s  of  t h e  Experiment - /84 
* 0 0 0  

1 1  MIFI s tud ied  t h e  spectrum of e f f e c t i v e  masses of t h e  K A and K K - s y s t e m s  

generated by n--mesons with a 3.86 GeV/c momentum i n  a 105 c m  f reon bubble 

chamber. The prel iminary r e s u l t s  have been published i n  [ l 5 ,  3 3 ,  421. 190,000 

s t e r e o  photographs w e r e  processed. Figure 6a shows t h e  e f f e c t i v e  m a s s  d i s t r i b -  

u t ion  (250 recorded K°Ko p a i r s  f o r  a l l  s t a r s ) .  1 1  
t h e  1200 t o  1300 M e V  range, as w e l l  a s  a t  small e f f e c t i v e  m a s s  va lues ,  can be 

seen. Figure 6b shows t h e  analogous d i s t r i b u t i o n  (27 cases) f o r  unrayed 

The concent ra t ion  of events  i n  

events. 
*MIFI = Moscow Engineering Physics Institute. 

_- 
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Figure 6. E f f e c t i v e  m a s s  d i s t r i b u t i o n  f o r  t h e  K°Ko-system. 1 1  

/8 5 0 Inves t iga t ion  of  t h e  K A-system a l s o  w a s  continued. F igure  7 shows t h e  - 
e f f e c t i v e  m a s s ,  M d i s t r i b u t i o n  f o r  536 reac t ions .  The "random stars" 

method w a s  used t o  compare t h e  experimental  d i s t r i b u t i o n  with t h a t  computed. 

I t  developed t h a t  t h e  computed d i s t r i b u t i o n  can only  desc r ibe  t h e  most general  

KOA' 

All 

61 

51 

41 

3L 

21 

10 

9 
Figure  7. E f fec t ive  m a s s  
d i s t r i b u t i o n  f o r  t h e  flA-system. 

90 

o u t l i n e s  of  A N  (M 1. The computation does 

not r e f l e c t  t h e  i r r e g u l a r i t y  i n  t h e  experi-  

mental d i s t r i b u t i o n .  

KA 

E s t i m a t e s  i n  t e r m s  of t h e  x2 c r i t e r i o n  

w e r e  made i n  o rde r  t o  expla in  whether o r  not  

t h e  shape of  A N  (s ) can be e s t ab l i shed  by 

a s e l e c t i o n  from t h e  o r i g i n a l  d i s t r i b u t i o n  

as represented by t h e  "random stars" curve. 

It developed t h a t  t h e  p r o b a b i l i t y  of such 

s e l e c t i o n ,  p,  i s  less  than  5% (p  = 2.5%). 

The observed anomalies of  t h e  m a s s  spectrum 

t h u s  cannot be recognized as random when t h e  

o r i g i n a l  s i g n i f i c a n c e  l e v e l  is  p = 5%: 

A 

Since i t  has  been e s t ab l i shed  t h a t  an /86 - 
apprec iab le  number of  Y* 

(888l-resonances are generated i n  t h e  

(1385)- and K* 

r eac t ions  of  t h e  a s soc ia t ed  production of 



A-hyperons and K-mesons with n-meson accompaniment, the i r  effect on the d i s t r i b u t i o n  

of r(l\, was inves t iga ted .  It developed t h a t  t h e  r ead t ions  

I K + A + n n  (n=1 ,  2, 3); 

I K-!- Y * + n x  (n=O, 1, 2) 

I 

* + N - + I  K* + A + nx (n -0, 1, 2); 

i 

could not i m i t a t e  t h e  experimental  m a s s  spectrum, ind iv idua l ly ,  o r  i n  combinations. 

The effect o f  decays o f  an i s o b a r  with i s o t o p i c  sp in  T = 1/2 i n  N* + K + A 

channe l son  d N ( M  can be analyzed, a t  least i n  p r inc ip l e .  The m a s s  d i s t r i b u t i o n ,  
KA 

resonances taken i n t o  cons idera t ion ,  can be w r i t t e n  i n  t h e  form, 

---Ma dN I A + -- B +.../I, d M  Ml -Moa -irM,, 

where 

M is system mass; 

Mo i s  resonance mass; 

j- i s  resonance width;  

0 is t h e  phase f ac to r .  

Since t h e  nucleus i s  t h e  target i n  ou r  case ,  dN/dM must be summed over  a l l  

poss ib l e  r eac t ion  channels  and ene rg ie s  occurr ing i n  t h e  cascade process. W e  do 

not  know how t h e  process  develops i n  t h e  nucleus,  bu t  i f  t h e  f a c t  t h a t  t h e  reson- 

ance term decreases  r a p i d l y  wi th  displacement from t h e  resonance m a s s ,  i s  used, 

t h e  r e s u l t  o f  t h e  summing can be approximated i n  t h e  form 

where 

i s  t h e  sum of  t h e  phase d i s t r i b u t i o n s  t h a t  w e  i d e n t i f y  with t h e  d i s t r i b -  “c 
u t ion  of random stars. This  l a t t e r  formula has  been used t o  compute t h e  m a s s  

d i s t r i b u t i o n  with resonances N (1688) F 

e ra t ion .  Figure 7 ( t h e  smooth curve)  shows t h e  r e s u l t s .  Clear ly ,  t h e  sp ike  i n  

t h e  Ma - 1.9 G e V  area r e q u i r e s  t h e  in t roduct ion  of ye t  another  resonance term 

t o  desc r ibe  it. 

+ 
and N (2190) GYI2 taken i n t o  consid- 

5/2 

The dependence o f  t h e  asymmetry parameter, on t h e  e f f e c t i v e  m a s s ,  a l s o  

w a s  s tud ied :  



i 

where 

N imd Nf are t h e  numbers of  A-hyperons 

respec t ive ly ,  r e l a t i v e  t o  t h e  

system of rest. 

b 
f ly ing  backward, and forward, 

d i r ec t ion  of motion of KA i n  its 

This  r e l a t ionsh ip  is upset by a tendency t o  become symmetrical i n  t h e  1.65 G e V <  

M < 2.00 G e V  range, ind ica t ing  t h e  presence of  resonances i n  t h i s  range. 
KA 

Thus, t h e  anomaly i n  t h e  %A AI 1.9 GeV range observed i n  t h e  mass spectrum 

The estimates of  t h e  parameters of t h e  resonance are M -  1.94 

0 
f o r  t h e  K A-system, and t h e  behavior of (Y, can explain t h e  exis tence of resonance 

f o r  t h i s  system. 

G e V ,  r .., '100 MeV. 
. e  
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THE PRODUCTION OF AN OCTET OF PSEUDOSCALAR MESONS 
I N  THE COULOMB FIELD OF A NUCLEUS AND THE CROSS-SECTION 

OF THE PHOTOPRODUCTION OF MESONS BY MESONS 

G .  S. froshnikov, Yu. P. Nik i t in  

ABSTRACT. The p o s s i b i l i t y  of  using information on t h e  photo- 
production o f  mesons by mesons based on d a t a  on t h e  production 
of  mesons i n  t h e  Coulomb f i e l d  o f  t h e  nucleus is  analyzed. 
The conclusion i s  t h a t  t h e r e  is a real p o s s i b i l i t y  of so doing 
i f  t h e  model of  t h e  s t rong  i n t e r a c t i o n s  used is  v a l i d  wi th in  one 
o rde r  o f  magnitude. 

The process  involved i n  t h e  photoproduction of  a psuedoscalar meson, P, by L89 
a meson (Figure 1) 

Figure 1. Photo- 
production o f  a 
pseudoscalar meson 
by a meson. 

r +  P +  P C P  
(1) 

cannot be observed d i r e c t l y  today because of a l a c k  of  

meson t a r g e t s  o r  counter  meson and y-beams. This  process  

is st i l l  un rea l i zab le  by a laser l i g h t  beam because IT- 

mesons with ene rg ie s  E > lo6 G e V  would be requi red  wi th in  

t h e  l abora to ry  system. Bu t  as has  been pointed ou t  [ l ,  21, 

it is poss ib l e ,  i n  p r inc ip l e ,  t o  measure t h e  c r o s s  s e c t i o n  

of t h e  Eq. 

i n t e r a c t i o n  between t h e  mesons and t h e  nuc le i  

(1) process  by studying t h e  r eac t ion  of  t h e  

P + Z +  P+P+Z (2 )  

when s m a l l  mamenta, A ,  a r e  t r ansmi t t ed  t o  t h e  nucleus. The Eq. ( 2 )  p rocess  i s  

a t t r i b u t a b l e  t o  s t rong  and electromagnet ic  i n t e r a c t i o n s .  I f  t h e  c r o s s  s e c t i o n  
2 

of  t h e  Eq. (2 )  r eac t ion  is  known when A -+ 0, t h e  c r o s s  s e c t i o n  of  t h e  Eq. (1) 

photoproduction can be  der ived ,  providing t h a t  t h e  con t r ibu t ion  of t h e  i n t e r -  

a c t i o n s  predominates when momentum t r a n s f e r s  t o  t h e  n u c l e u s  are s m a l l .  A t  

t h e  same t i m e ,  i t  i s  d e s i r a b l e  t o  s tudy the  Eq. (2 )  r eac t ion  when cond i t ions  are 

such t h a t  t h e  nucleus is not exc i t ed  and t h e  nucleons of t h e  nucleus act co- 

herent ly .  There i s  then ho need t o  t a k e  d e t a i l s  concerned with t h e  s t r u c t u r e  

of t h e  nucleus i n t o  cons idera t ion .  

The nuc lear  matr ix  element f o r  t h e  t r a n s i t i o n  i s  d e f i n i t e l y  d i f f e r e n t  from 

zero f o r  s ta tes  with energy d i f f e r e n c e s  A E -  E A -”’ [ 3 1  (he re  A is  t h e  number F 
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of  nucleons i n  t h e  nucleus;  E is t h e  Fermi energy). The nucleus should not be 
F 2  -1/3 exc i t ed ,  t he re fo re ,  when momenta. A 

(m i s  t h e  m a s s  o f  a nucleon).  

= 541, f o r  example, is t h e t  A should be  s m a l l  compared with t h e  mass of  a 

are t r ansmi t t ed  t o  t h e  nucleus < 2mEF A 

What t h i s  m e a n s  i n  t h e  case of  xenon ( A  = 131, 

2 
n-meson, p ,  o r ,  more p r e c i s e l y ,  d 2  < 0.7 p . 

The momenta t r a n s f e r r e d  dur ing  t h e  i n t e r a c t i o n  must be  s m a l l  compared with 

t h e  inve r se  r ad ius  o f  t h e  nucleus,  R - l  i n  o rde r  t o  have coherent  ac t ion  on t h e  - / 90  
2 

p a r t  of t h e  nucleons o f  t h e  nucleus;  t h a t  is, 11 
can t h u s  be considered as ari o b j e c t  t h a t  receives only  r e c o i l  when t h e  momenta trans- 

f e r r e d  are s m a l l  enough. A t  t h e  same t i m e ,  t h e  computation f o r  t h e  c r o s s  s e c t i o n  

of t h e  Eq. (2)  r eac t ion  can be  g r e a t l y  s impl i f ied ,  and i t  i s  easy to e s t a b l i s h  

t h a t  domain-of kinematic  v a r i a b l e s  i n  which t h e  Coulomb i n t e r a c t i o n  i s  dominant. 

< 0.05 b2 f o r  xenon. The nucleus 

As w i l l  become clear i n  what fol lows,  t h e  most convenient range of i n i t i a l  

energ ies ,  EL, w i l l  be  between 10 and 30 G e V ,  

dependent on t h e  coupling constants .  W e  can,  t he re fo re ,  assume t h a t  they are 

equal f o r  d i f f e r e n t  r e a c t i o n s ,  r i g h t  from t h e  beginning. This  confirms t h e  com- 

pu ta t ion  made f o r  t h e  r e l a t i o n s h i p s  between t h e  amplitudes of  t h e  r eac t ions  

wi th in  t h e  framework of t h e  S U  symmetry. This  w i l l  be d iscussed  i n  what fol lows 

because t h e s e  r e l a t i o n s h i p s  are of independent t h e o r e t i c a l  i n t e r e s t .  

where the r e s u l t s  are only  s l i g h t l y  

3 

1. Production o f  an O c t e t  of  0- Mesons i n  t h e  F i e l d  of  t h e  N u c l e u s  and 
t h e  Cross S e c t i o n  oT t h e  Photouroduction o f  Mesons bv Mesons 

The Eq. (2 )  r eac t ion  can be  descr ibed by t h e  diagram shown i n  Figure 2 ,  i n  

t h e  lowest o rde r  of t h e  pe r tu rba t ion  theory  concerned wi th  electromagnet ic  i n t e r -  

ac t ion .  The d i f f e r e n t i a l  c r o s s  s e c t i o n  corresponding t o  it  i s  equal t o  

where 
2 

s = (k + k2) ; 1 

2 m = k2; 
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2 2  
k2 = m2; 

cy = 1/137; 

F(A 
2 is t h e  charge form f a c t o r  f o r  t h e  nucleus;  

2 2 
Amin = (s - m /2EL when s E L; 

E 

&(P -+ PP)/au 

i s  t h e  l a b o r a t o r y  energy of  t h e  bombarding meson; 
L 

is t h e  c r o s s  s e c t i o n  of t h e  photoproduction of mesons by 

mesons when A 2  + 0. 
Y 

/ 9  1 

The magnetic form f a c t o r  f o r  t h e  nucleus can be ignored [I]. 

As w e  know, i n  u n i t a r y  symmetry theory 

4 t h e  electromagnetic c u r r e n t  is a component 

of t h e  vec tor  o c t e t  (see [41 ,  f o r  example) 

R - 1; - (V,>,l, - 

so t h e  matr ix  element of  t h e  Eq. (1) process  

s a t i s f y i n g  t h e  requirements f o r  gage, charge, 

and Lorentz invar iance ,  has  t h e  form 

T ( P ~  -+ PP) = i (24‘ 6‘ (k  + 4- k ,  - k2) ‘iklm 1, (4) kb X 
__ 
z k ~ ,  { A  (S ,  u, t )  [PI (k)p; (kl)pi (kd  - P; 

x F,” ( R 2 ) ]  i- B (s, ui 8 )  [P: ( k j  p! (kd  a (4 - 
- P l ( k ) P i ( k ) P ; ( k 2 ) ] + C  (s, u, t )  [ P : ( k ) F : ( k J n ( R 3 -  

(h) X 

Figure 2. D i a g r a m  of  t.he production 
of a meson i n  t h e  Coulomb f i e l d  of 
t h e  nucleus,  2. 

- Pi ( k )  F! ( k d 4  ( M ) ,  
where 

# 
CY 

is t h e  wave func t ion  of a meson i n  t h e  0- o c t e t ;  

@ i s  t h e  a d j o i n t  func t ion ;  

CY and p are u n i t a r y  i n d i c e s ;  

CY 

I is photon p o l a r i z a t i o n ;  
L1 

t = ( k -  k,I2. 

The func t ions  A, B, and C are assoc ia ted  by t h e  c ross ing  symmetry re- 

l a t  ionships  : 
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A 0, 4 t )  = 8 (s, t, 4; 
u? t )  = c(t,  u, s); 

A (s, t )  = A (a, s, t); 

c (s, u, t )  .- C(s, t, u); 
B(s,  U, t )  = B ( t ,  U, s); 
B (s, U, t )  = C(U,  S, t). 

is present  i n  t h e  Eq. ( 4 )  

matr ix  element, t h e  amplitudes of A, B, and C must tend t o  a cons tan t  when mo- 

menta are low i n  order' t o  ensure t h e  c o r r e c t  th reshold  r e l a t i o n s h i p  f o r  t h e  

cross s e c t i o n  of  t h e  photoproduction. The following e q u a l i t y  occurs  at t h e  

iklm t i  % k2m' S ince  t h e  kinematic f a c t o r  

point  s = u = t = (1/3) 7 mz 
l i  

A = B = C ==j. 

If w e  assume t h a t  during t h e  t r a n s i t i o n  from t h e  threshold  t o  t h i s  point  t h e  

magnitudes o f  A, B, and C remain cons tan t ,  o r  a r e  c o n s t a n t s  t h a t  change s l i g h t l y ,  

w e  w i l l  have t h e  e q u a l i t y  of  Eq. ( 4 ' )  near  t h e  threshold  a s  w e l l ,  and t h i s ,  to -  /92 

gether  with Eq. ( 4 ) ,  r e s u l t  i n  t h e  obtaining of a r e l a t i o n s h i p  between t h e  apexes 

of t h e  var ious  processes  when m a m e m t a  ace low. 

- 

The c r o s s  s e c t i o n  of t h e  photoproduction i n  t h e  CM-system (k + k2 = 01, 1 
averaged with respect  t o  photon p o l a r i z a t i o n ,  equals  

where 

9, i s  t h e  angle  between impulses k and k i n  t h e  CM-system. 1 
2 

The quadra t ic  form h(x,  y, z )  = x2 i y2 i z 

t h e  momentumk i n  t h i s  same system by 

seen from Eq. ( 5 ) ,  t h e  Eq. (3)  c r o s s  s e c t i o n  tends  t o  zero i n  t h e  d i r e c t i o n  of 

t h e  momentum of t h e  inc ident  beam of  mesons. Since t h i s  r e s u l t  i s  t h e  consequence 

of t h e  r e t e n t i o n  of t h e  p r o j e c t i o n  of  t h e  t o t a l  momentum a t  t h e  3P apex, t h e  

- 2xy - 2xz - 2yz i s  assoc ia ted  with 

lk,[ =(2V/s)-I V ~ ( S ,  mt2, ntZ2) . A s  w i l l  be 1 

Y 
vanishing of t h e  Eq. (3)  c r o s s  s e c t i o n  

with forward s c a t t e r i n g  does not depend on 

I t h e  concre te  form of  t h e  func t ion  f .  This  
V 

property is r e t a i n e d  i n  t h e  L-system a s  w e l l ,  

so t h e  c r o s s  s e c t i o n  o f  r e a c t i o n  ( 2 )  can be 

measured with adequate r e l i a b i l i t y  because 

i ts  m a x i m u m  does n o t  l i e  i n  a s t r i c t l y  for-  , 

ward d i rec t ion .  

F igure  3. Resonance photo- 
production of  a meson by a 
meson. 



In t eg ra t ing  

vcM), w e  ob ta in  

Eq. ( 3 )  with  r e spec t  t o  t h e  v a r i a b l e  u ( o r  wi th  r e spec t  t o  

H e r e  t h e  magnitude f ( S )  -t PP is t h e  averaged ve r t ex  func t ion  f ( s ’  u ,  

with r e spec t  t o  u(aCM), i f  i t s  dependence on u(GCM) is s i g n i f i c a n t .  

averaged pv pv -t PP’ 

The Eq. (1) reac t ion  can a l s o  r e s u l t  i n  resonance and t h e  subsequent decay 

i n t o  two mesons (Figure 3 ) .  Now, when t h i s  resonance belongs t o  t h e  o c t e t  of - /93 - 
vec to r  mesons, 1 , t h e  corresponding cross -sec t ion  has  t h e  form 

where 

r = m /T , rV, m,,, are t h e  width,  l i f e t i m e ,  and m a s s  of  a vec to r  meson, v v  
r e spec t ive ly .  

Eq. (7) can be used t o  f i n d  t h e  cons t an t s  f o r  t h e  r a d i a t i o n  decay o f  vec to r  

mesons i n t o  pseudoscalar mesons. 

2. Evaluation of t h e  Contr ibut ion of Strong - I n t e r a c t i o n s  -~ -~ ~- 

Since  w e  a r e  i n t e r e s t e d  i n  1Qw t r a n s f e r r e d  momenta A, t h e  eva lua t ion  of  

t h e  con t r ibu t ion  of s t rong  i n t e r a c t i o n s  can be made wi th in  t h e  framework of  t h e  

one-boson exchange model. The Eq. ( 2 )  process  can y i e l d  t h e  con t r ibu t ion  o f  t h e  

exchange of  pseudoscalar  and vec to r  mesons. Of these ,  as t h e  eva lua t ions  show, 

t h e  greatest  i s  a t t r i b u t a b l e  t o  t h e  wmeson exchange (Figure 4 ) .  The exchange 

by t h e  o c t e t  of vec tor  mesons, 1 ,lois forbidden wi th in  t h e  l i m i t s  of  p rec i s ion  

up t o  the v i o l a t i o n  of unitary symmetry as a consequence o f  conservat ion o f  

- 

_ _  - . - - - - . - - - 

10. G’ = RC, where R is t h e  ope ra t ion  of  r e f l e c t i o n  relative to t h e  
coord ina te  o r i g i n  on t h e  weight diagram f o r  t h e  r ep resen ta t ion  of t h e  Su3 group: 

C is t h e  opera t ion  charge conjugation. 

pseudoscalar and vec to r  mesons. 

W e  have G‘ = -1, and G; = +1, f o r  t h e  P 
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z Z 

Figure  4. D i a g r a m  of t h e  
product ian of a meson as a 
r e s u l t  o f  t h e  exchange of an 
w p a r t i c l e  with t h e  nucleus.  

of GI-par i ty  (for which see re fe rence  [&I,  
f o r  example). 

fact  t h a t  t h e  con t r ibu t ion  from t h e  cp-meson, 

computed i n  t h e  model under cons idera t ion ,  proves 

t o  be  less than t h e  c o n t r i b u t i o n  of t h e  wmeson 

by two o r d e r s  of magnitude due t o  

large m a s s  of and t h e  narrow decay width 

Cp -b 3rr. 
more suppressed because t h e  PNN apex i n  t h e  

pseucoscalar  coupling diagram i s  proport ional  / 9 4  

t o  t h e  transferredmomentum A ,  and t h i s ,  i n  ou r  

problem, i s  s m a l l  i n  magnitude. Leroy [ S I ,  com- 

put ing t h e  con t r ibu t ion  from a one-?-r meson ex- 

change with t h e  he lp  of a modified n-meson pro- 

In  concordance wi th  t h i s  i s  t h e  

The exchange of  17 and q-mesons i s  even 

- 

pagator  i n  a nuc lea r  substance,  a l s o  came t o  t h e  conclusion t h a t  t h e  rr-meson con- 

t r i b u t i o n  i s  s m a l l  compared with t h e  Coulomb con t r ibu t ion .  The rest of t h e  

hadrons e i t h e r  have la rge  masses, o r  t h e i r  exchange is  forbidden b y  t h e  quantum 

numbers. This  i s  why w e  have l imi t ed  ourse lves  t o  t h e  u,-exchange i n  eva lua t ing  

t h e  r o l e  of  s t rong  i n t e r a c t i o n s .  The corresponding con t r ibu t ion  t o  t h e  Eq. (2)  

process  c r o s s  sec t ion  can be obta ined  q u i t e  r e a d i l y  from t h e  Eq. 

process  by replacement of  t h e  propagator  and apex func t ions  

( 6 )  Coulomb 

where 

= f 2 d 4 r r  i s  t h e  cons tan t  f o r  t h e  coupling of t h e  Wmeson with the  
g~~~ u, 

nucleon ; 

m i s  t h e  m a s s  of t h e  wmeson. 

The r a t i o  of  t h e  Eq. ( 6 )  and Eq. (8) c r o s s  sec t ions ,  f o r  f i xed  s ,  equals  

u, 

and is determined by t h e  t r a n s f e r r e d  momentum A. .This  r e l a t i o n s h i p  h a s  t h e  

fol lowing,  s i m i l a r ,  form i n  t h e  case of  resonance i n  an in te rmedia te  s ta te  
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do, 
daN 

3 .  Study of  t h e  Domain of Kinematic Var iab les  Ins ide  Which t h e  Coulomb 
Mechanism is Dominant, and i t s  Dependence on t h e  Energy of t h e  Inc ident  
P a r t  i .c les  

I f  t h e r e  i s  t o  be a r e l i a b l e  determinat ion of t h e  c r o s s  s e c t i o n  of photo- 

t h e  con t r ibu t ion  of t h e  s t rong  i n t e r a c t i o n s  i n  t h e  Eq. (2 )  r eac t ion  c r o s s  sec t ion  

must be s m a l l  compared with t h e  con t r ibu t ion  from t h e  electromagnet ic  i n t e r -  

ac t ions .  This  can be  achieved i n  t h e  domain of s m a l l  A ,  s m a l l  such t h a t  t h e  

r e l a t i o n s  of t h e  Eq. ( 9 )  c r o s s  s e c t i o n s  be of t h e  o rde r  of ten .  Now t h e  e f f e c t  

of t h e  s t rong  i n t e r a c t i o n s  can be ignored. Moreover, what must be pointed out  

i n  Dar t i cu la r  i s  t h a t  t h e  Coulomb c r o s s  sec t ion  dcr of Eqs .  ( 6 )  and (7) has  a /95 - C 
2 2 2 2  2 

maximum when A % 2Amin = (s - m /2EL. From whence t h e  value of  t h e  v a r i a b l e  

s corresponding t o ' t h i s  maximum i s  equal t o  

s 1 ~ /TA,EL + m2- (12)  

L e t  u s  now expla in  t h e  na tu re  of t h e  region of  

angles  i n  the  L - s y s t e m  i n  which t h e  Coulomb 

mechanism p r e v a i l s  over  t h e  nuc lear  (corresponds 

t o  adequately s m a l l  >, and how t h e  dimensions 
0 

of  t h i s  region depend on t h e  i n i t i a l  energy, 

of t h e  inc iden t  p a r t i c l e s .  
EL , 

11 
L e t  u s  in t roduce  t h e  angle  8, a t  which 

t h e  Eq. ( 3 )  c r o s s  s e c t i o n  has  a maximum and t h e  

maximum angle  (pL 

t i c l e s .  Both angles  are i n  t h e  L-sys tem (Fig- 

u r e  5).  The Eqs. ( 3 )  and (5) c r o s s  s e c t i o n s  

i n  t h e  CM-sys t em have maxima i n  terms of t h e  

va r i ab le  u(SCM) when 8, = n/2, and are sym- 

metr ica l  with respec t  t o  t h e  exit  angles  of  

I 
Figure 5. Determination of 
t h e  angles  of escape of t h e  
Eq. (2 )  r eac t ion  products  i n  
t h e  L-sys tem.  

The angle  8, corresponds t o  

a maximum f o r  t h e  Eq. 
r eac t ion  c r o s s  sec t ion ;  wL i s  

t h e  maximum angle  of  escape of  
t h e  p a r t i c l e s .  

of  escape of secondary par- 

( 2 )  
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both  p a r t i c l e s  i n  t h e  f i n a l  s t a t e12rega rd le s s  of whether t hey  are of t h e  same 

type ,  o r  d i f f e ren t .  No such symmetry e x i s t s  i n  t h e  L-sys t em,  and d i f f e r e n t  

angles  correspond t o  d i f f e r e n t  types.  The angles  i n  t h e  L and CM systems can 

be a s soc ia t ed  by using w e l l  known formulas 

where 

v and p are t h e  v e l o c i t y  and momentumof a p a r t i c l e  i n  t h e  CM-system; 

v is t h e  v e l o c i t y  a t  which t h e  CM-system moves with r e spec t  t o  t h e  L-system 
2 
L f o r  f ixed  s ( s  < E 1. 

The fol lowing expressions are obta ined  f o r  t h e  angles  cha rac t e r i z ing  t h e  region 

of kinematic v a r i a b l e s  considered f o r  t h e  general  case o f  var ious  p a r t i c l e s  i n  

t h e  f i n a l  s t a t e  

/96 - 

But w e  have ignored t h e  angle  JI a t  which t h e  CM-system of secondary p a r t i c l e s  i s  

moving because 

{Aa - A k i n  (15) 
EL 

9% 

because a t  energ ies  of  t h e  o r d e r  of  severa l  b i l l i o n  e l e c t r o n  v o l t s ,  and higher ,  

and a t  s m a l l  a, t h i s  angle  w i l l  not  be  la rger  than  a f e w  minutes. 

Eqs. (13) and (14) convert  t o  t h e  following i n  t h e  case  of t h e  product ion 

of i d e n t i c a l  p a r t i c l e s  (m = m = m )  
1 2 

11. The angle  8, corresponds t o  t h e  m a x i m u m  f o r  t h e  Eq. ( 3 )  c r o s s  sec t ion  

i n  t h e  energy range E < 30 G e V ,  where t h e  p-wave i s  dominant. A t  h igher  ener- 

g i e s  t h e  con t r ibu t ion  of succeeding waves must be  taken i n t o  cons idera t ion ,  and 

as a r e s u l t  t h e  c r o s s  s e c t i o n  maximum can s h i f t .  

L 

12.  S t r i c t l y  speaking, t h i s  is v a l i d  only  f o r  t h e  p-wave. 
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L e t  u s  cons ider  concre te  r e a c t i o n s  i n  order  t o  ob ta in  numerical va lues  

f o r  t h e  angles  9, and (pL. 

a. Production of n-mesons i n  t h e  f i e l d  of  t h e  nucleus. The Eq. (2) 

r e a c t i o n  wi .11  take t h e  form 

** +z47r* + X O + Z .  

two photoproduction processes  are a s soc ia t ed  with it: t h e  p o t e n t i a l  

7 r * + ~ - + 7 r * + d J  

(18) 

(19) 

and t h e  resonance 

What fol lows from i so top ic inva r i ance  is t h a t  t h e  Eq. (18 t o  2 0 )  r eac t ion  

c r o s s  s e c t i o n s  are i d e n t i c a l  for p o s i t i v e  and negat ive  n-mesons, t h a t  t h e  par- 

t i c les  i n  t h e  f i n a l  state have i sosp in  T = 1, and odd o r b i t a l  moments. The 

magnitude f a s soc ia t ed  wi th  t h e  Eq. (19) r eac t ion  is unknown because t h i s  i s  

t h e  magnitude under s tudy during t h e  experimental i n v e s t i g a t i o n  of  t h i s  Eq. (19) 

reac t ion .  Dimensionality cons ide ra t ions  w i l l  y i e l d  f - fiF3. The r e l a t i o n -  

s h i p  between t h e  magnitudes f and f w e  need can be  evaluated on t h e  b a s i s  

of  t h e  following cons idera t ions .  Since only  t h e  i s o s c a l a r  photons t ake  p a r t  i n  /97 
t h e  Eq. (19) and Eq. ( 2 0 )  r eac t ions ,  t h e  quantum numbers of t h e  wmeson and 

photons coincide.  Therefore ,  apexes i n  which t h e  vmeson f and y-quanta 

f p a r t i c i p a t e  have i d e n t i c a l  sp in  and i s o t o p i c  s t r u c t u r e s  (what t h i s  means 

i n  t e r m s  of pe r tu rba t ion  theory  i s  t h a t  a l l  t h e  v i r t u a l  loops o f  t h e s e  apexes 

are t h e  same). 

3nY 

37TY 
3nY 3nw 

- 

3nw 

3ny 

The fol lowing e q u a l i t y  should r e s u l t  

f3r7 f3xo 

f X P 7  f x p  

- I -. 

S u b s t i t u t i n g  t h e  va lue  of  t h e  magnitudes 

w e  o b t a i n  t h e  fol lowing r e l a t i o n s h i p  

(21 1 



3 If t h e  decay cons tan t  W -b k ( f  a (1.6/p,) C8] is s u b s t i t u t e d  f o r  f i n  

E q .  (21), we f i n d  f Taking Eq. (22) i n t o  cons idera t ion ,  and 

using Eqs. (9)  and ( lo) ,  (gm w 31, we ob ta in  t h e  fact t h a t  when A = 0.1+, 

t h e  Coulomb c r o s s  s e c t i o n  &rc is equal  i n  o rde r  of  magnitude t o  t h e  nuclear 

cross s e c t i o n  QN, bu t  t h a t  when A = 0.10~ t h e  Coulomb c r o s s  s e c t i o n  exceeds 

t h e  nuclear by one o r d e r  o f  magnitude. Assuming t h a t  A - 0.1% i n  Eq. (12),  

and f ind ing  t h e  corresponding s f o r  f i x e d  energy E 

we now f i n d  t h a t  i n  t h e  case o f  t h e  Eq. (18) r eac t ion ,  t h e  reg ion  of k i n e t i c  

v a r i a b l e s  i n  which the  Coulomb c r o s s  s e c t i o n  is g r e a t e r  than  t h e  nuc lea r  by one 

o rde r  of magnitude can be cha rac t e r i zed  by t h e  ang le s  GL 
Figure 6 shows t h e  concre te  dependence of these  ang le s  on energy E 

shown i re  s va lues  corresponding t o  t h e  ckr 
momentum at  t h e  s p e c i f i e d  energy. y-quanta developing during t h e  decay of 

n e u t r a l  T h e s o n s  inc iden t  a t  ang le s  (pL 2 9 2 9, when EL E 10 GeV, w i l l  have 

m i n i m a l  angles  of divergence x 
xL 
zero,  with increase i n  t h e  o r i g i n a l  energy. As w i l l  be  seen from Figure 6, when 

t h e  energies are less than some (ELImin, t h e  Coulomb c r o s s  s e c t i o n  cannot exceed 

t h e  nuc lea r  by a f a c t o r  of  more than 10, and when (ELImin < EL S 10 GeV, t h e r e  

is a sharp  dependence o f  both ang le s  on t h e  energy. 

m a x i m u m  exit angle  f o r  t h e  n-mesons , (pL is p r a c t i c a l l y  cons tan t ,  w5th t h e  a n g l e  

rp decreasing slowly with increase i n  energy as JndEL. 
vLW lo. 

s e c t i o n  Q f 

w -b 3n 3nw 
w \(a ( 1 . 3 / ~ ) 3 .  3rrY 

0 -  
f o r  t h e  i n c i d e n t  p a r t i c l e s ,  L 

1 - 3", qL 4 O .  

L' Also 

m a x i m u m  i n  terms of t h e  t r a n s f e r r e d  
C 

i n  t h e  i n t e r v a l  16" I xL 2 4 . 5 O ,  and 14.5" 2 L 
The upper l i m i t  of  XLtends t o  11.4", t h e  lower t o  1.15" when EL 40 GeV. 

When EL 2 10 GeV,  t h e  L98 

When EL = 60 GeV, 
L 

The magnitude of  t h e s e  angles  is l a r g e  enough t o  permit t h e  cross 

& o t o  be s tud ied  experimental ly  over  a broad range of  energies .  
Try +rill 

b. Reactions with t h e  p a r t i c i p a t i o n  of  K-mesons. Let u s  consider  t h e  

following r e a c t i o n s  
7 + K* + K' + z0; (23)  

The following r e l a t i o n s h i p s  flow from Eqs. ( 4 )  &d ( 4 l )  f o r  t h e  apexes o f  

t h e s e  r e a c t i o n s  near t h e  threshold  
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f i s  a func t ion  from Eq. ( & I ) .  The 

r e l a t i o n s h i p s  f o r  t h e  processes  with a n t i -  

p a r t i c l e s  a r e  obtained from Eq. (26) by 

changing t h e  s i g n s  i n  a l l  fou r  e q u a l i t i e s .  

1 1 I 1 I J Rela t ionships  s i m i l a r  t o  t hose  of  Eq. /99 - Lt  - - ? -  

IO 20 30 40 50 EL, .GeV 
(26) are needed f o r  t h e  r eac t ions  i n  which 

0 ,  

t h e  wmeson t a k e s  p a r t  i n  order  t o  use  Eq. 

( 9 ) ,  which e s t a b l i s h e s  t h e  necessary 

momentum t r a n s f e r  A. Only t h e  type  Fcoupl-  

Figure 6. Energy dependence e x i t  
angles  f o r  secondary p a r t i c l e s  f o r  
t h e  r eac t ion  n- + X e  -+ n* + no + Xe.  
The values  s e l e c t e d  f o r  t h e  kine- 
matic v a r i a b l e s  A and s should pro- 
v ide  f o r  t h e  dominance o f  t h e  Coulomb ing  c o n t r i b u t e s  k o a  matrix element f o r  
mechanism of t h e  r eac t ion  (p i s  t h e  
m a s s  of t h e  charged n-meson). 

+ 

these processes that is invariant with 

respec t  t o  t h e  S U  group (because of  C- 

invar iance  1 
3 

can now be found 

Now, by combining Eqs.  (26) ,  (28, and (29) with Eq. (221, w e  r e a d i l y  f i n d  

t h e  r a t i o s  of t h e  corresponding apex func t ions  of t h e  r e a c t i o n s  under consider-  

a t i o n  contained i n  Eq. ( 9 ) .  Fu r the r ,  car ry ing  ou t  a procedure s i m i l a r  t o  t h a t  

ou t l i ned  i n  sec t ion  "a1(, w e  ob ta in  t h e  c h a r a c t e r i s t i c  e x i t  angles  f o r  t h e  

secondary v- and K-mesons i n  terms of t h e  energy of t h e  o r i g i n a l  K-mesons 
- 

13- Accounting f o r  t h e  - wmixing i s  i n s i g n i f i c a n t  i n  this case 
because, as has  a l ready  been pointed ou t ,  t h e  exchange of t h e  vec to r  meson is 
forbidden by conservat ion of  G1-pari ty .  
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[Figures  7 t o  9,  r e s p e c t i v e l y ,  f o r  t h e  Eqs. (23 t o  25) r e a c t i o n s ;  also indica ted  

h e r e  are t h e  t r a n s f e r r e d  momenta A i n  t h e  v i c i n i t y  of which t h e  c r o s s  s e c t i o n s  

of t h e s e  r e a c t i o n s  mus t  be measured]. 

Then too,  t h e  Eqs .  (23 and 24) r e a c t i o n s  can go through an intermediate  
2 

charged resonance ~ * ( 8 9 2 )  when t h e  v a r i a b l e  s 43p , corresponding t o  energy 

EL 30 G e V  

7 t K' --t K" + KO (@) + Xf . (31) 

What fol lows from t h e  i s o t o p i c  invar iance  i s  t h a t  t h e  c r o s s  s e c t i o n  of t h e  Eq. 

(31) process  is larger than t h e  Eq. 

Known experimentally i s  t h e  coupl ing constant  K* with a n e u t r a l  vector  meson 

IfK*+ K+ 

(30) r e a c t i o n  c r o s s  s e c t i o n  by a f a c t o r  of 2 .  

= 2.6 1-1 [12], 1.96 [13]. If t h i s  meson is i d e n t i f i e d  a s  u), t h e  

average of the . two sets  of  d a t a  c i t e d  are i n  good concordance with t h e  SU -pre- 

d i c t i o n  fK*+ K+ u) = f 

f 

t h e  and K-mesons for t h e  Eqs .  (30 and 31) r e a c t i o n s  i n  a manner s i m i l a r  t o  

t h a t  explained above: 8; e1.5'; ' p z  =3,8"; 8 5  =().go; ' p z  =I,]".  Also poss ib le ,  

i n  a d d i t i o n  t o  t h e  processes  considered,  a r e  r e a c t i o n s  i n  which, i n  addi t ion  t o  

t h e  m- and K-mesons, t h e r e  i s  p a r t i c i p a t i o n  by ?]-mesons contained i n  t h i s  same 

0- o c t e t .  

approximately t h a t  f o r  t h e  K-mesons. 

/lo1 3 
- - 2 . 3 / ~ .  Fur ther ,  using t h e  f a c t  t h a t  fK* ~ Ky 

UPm , from SU -symmetry w e  o b t a i n  t h e  following va lues  f o r  t h e  e x i t  angles  f o r  
3 P +IT 

The d i s t r i b u t i o n  i n  terms of t h e  e x i t  angles  f o r  t h e  7-mesons w i l l  be 

A s  w i l l  be seen from t h e  graphics  included here ,  t h e  most convenient f o r  

t h e  experimental s tudy (angles  l a r g e  enough, yet energ ies  not  too  high)  are t h e  

Eqs .  (191, (20) ,  and (23) reac t ions .  The Eq. (25)  r e a c t i o n  i s  t h e  most unfavor- 

a b l e  of t h e  o t h e r  r e a c t i o n s  from t h i s  point  of view. 14 

14. I n  o r d e r  t h a t  i n t e r f e r e n c e  between s t rong and electromagnet ic  i n t e r -  
a c t i o n s  not be taken i n t o  cons idera t ion ,  t h e  r a t i o  of t h e  Eqs.  
s e c t i o n s  must be taken as of  t h e  o r d e r  of 10 . Now t h e  va lues  of t h e  angles  i n  
F igures  6 t o  8 must be reduced (when E > 10 G e V )  by a f a c t o r  of 1.3 f o r  
8, and by a f a c t o r  of 1.8 f o r  cp 

(9 )  and (10) c r o s s  
2 

L respec t ive ly .  L' 
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Figure 7. The K* + X e i K '  f n o + x C  reaction.  
(See Figure 6 ) .  

FLrp is  the  neutral n-meson mass. 

20.521 20 37 45 53 61 Sot? 
7 1 1  I I 

Figure 8 .  The K' + Xe-, .YO(& + TC* + Xe reaction.  
(See Figure 6 ) .  

Figure 9. The zf f X C d Y '  i- & ( I ( O ) + X C  reaction.  
(See Figure 6 ) .  



4, The Range of  Kinemat ic  Var iab les  - i n  Terms  of  Inaccuracy i n  
th: 

Eq. (9) t e l l s  us t h a t  t h e  magnitude of t h e  m e n t u m  A, t r a i v m i t t e d  t o  t h e  

nucleus for a s p e c i f i e d  c r o s s  s e c t i o n a l  r a t i o  depends on t h e  parameter 

p =  ' f 3 e  12fg~NNIf3pu12j which w e  know only  i n  terms o f  t h e  o rde r  of  magnitude: 

A - ~ l ' ~ .  Moreover, s i n c e  t h e  magnitudes f and f are func t ions  of  s, t h e  

va lues  i n  point  of  fact can change f o r  var ious  s, so measurement r e s u l t s  w i l l  
3pY 3Pm 

be  r e l i a b l e  only  f o r  va lues  of S, and hence E such t h a t  t h e  ex i t  angles  f o r  

t h e  particles ar'e f a i r l y  weakly dependent on B.  
L' 

I t  i s  t h e  q u a n t i t y  f) which determines (EL)min, according t o  Eq. (12). A s  we see 

from ;igure 6 ,  f o r  example [ t h e  Eq. (19) reac t ion] ,  when E 

and 9 w i l ' b  change very sharp ly  wi th  s m a l l  v a r i a t i o n  i n  t h e  magnitude of (E ) 

A t  t h e  same t i m e ,  t h e  dependence on (E )min and, as a r e s u l t ,  on 8 ,  is  s l i g h t  L 
f o r  ene rg ie s  i n  excess  of  10 G e V :  

o b t a i n  r e l i a b l e  experimental  d a t a  on t h e  c r o s s  s e c t i o n  o f  t h e  Eq. (19) photo- 

process ,  it i s  advantageous t o  use  n-meson beams with ene rg ie s  of  t h e  o rde r  of 

10 G e V  and higher.  A t  lower ene rg ie s  t h e  r e s u l t s  are heav i ly  dependent on t h e  

magnitude o f  8 ,  so are unre l i ab le .  The same i s  t r u e  of  t h e  o t h e r  r eac t ions  con- /lo2 

s ide red  i n  t h e  foregoing. 

< 10 G e V ,  angles  vL L 

L L min' 

R1i4, 9, - @'I8. Therefore ,  i n  o rde r  t o  L -  

- 

Measurements of  t h e  Eq. (19)  c r o s s  sec t ion  a t  E = 2.8 G e V  had been made L 
ear l ier  i n  [141. 

2 4 p2 S s I; 21 c~ , A < 0.5 ~1 had been se l ec t ed ,  t h a t  i s  i n  t h e  range of kinematic 

v a r i a b l e s  i n  which s t rong  i n t e r a c t i o n s  can make a s i g n i f i c a n t  cont r ibu t ion .  This  

i s  why making new measurements o f  t h e  Eq. (19) photoproduction c r o s s  sec t ion  i n  

t h e  f i e l d  of  t h e  nucleus is extremely des i rab le .  Let u s  no te  as w e l l  t h e  ex is -  

t ence  o f  t h e  p o s s i b i l i t y  of  r e f i n i n g  t h e  va lues  of  fj f o r  vario,us s. This  i s  so 

But secondary n-mesons with e x i t  angles  3" I; 8 I; 30" and 

because t h e  

t h e  Eq. ( 2 )  

a t  t h e  same 

con t r ibu t ions  from t h e  electromagnet ic  and s t rong  i n t e r a c t i o n s  i n  

r eac t ion  c r o s s  sec t ion ,  depend on A 2  i n  d i f f e r e n t  ways 

t i m e  t h a t  

An experimental  determinat ion of  t h e  boundary of  t h e  region of a values  within 
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2 
which the  magnitude A4 ca2&(A ) a d  
sary  fo r  t h i s  refinement. 

the  value of f~ corresponding t o  assigned s. 

remains a l i nea r  function of b2 i n  neces- 

Then, uaing Eq. (91, when dac/aQN f: 1, w e  can compute 

Thus, the  analysis  made of the  possibility of using the  information on the  

photoproduction of mesons by mesons t h a t  incorporates data  on the  production o f  

mesons i n  a Coulomb f i e l d  of a nucleus shows tha t  t h i s  poss ib i l i t y  is a very real 

one i f  t he  model of the  strong interact ions w e  have used 14 correct t o  within 

one order of magnitude. 
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DETERMINATION OF THE LENGTH O F  nn-SCATTERING I N  EXPERIMENTS 
I N  CAPTURING p,--MESONS WITH DEUTERONS 

Yu. P. N i k i t i n  

ABSTRACT. The inf luence  of  t h e  i n t e r a c t i o n  of  neutrons i n  
t h e  f i n a l  s ta te  on t h e  n a t u r e  of  t h e  nuc lear  r e a c t i o n  i s  
inves t iga ted .  

One of t h e  consequences of  t h e  hypothesis  with respec t  t o  t h e  charge inde- L.204 

pendence of  s t rong  i n t e r a c t i o n s  a t  low energ ies  is e q u a l i t y  of t h e  l e n g t h s  of 

t h e  nucleon-nucleon (nn-) s c a t t e r i n g  i n  a s ta te  with i s o t o p i c  s p i n  T = 1 and 

s p i n  S = 0 

where 

'a i s  t h a t  p a r t  of t h e  length  of  t h e  pp-scat ter ing t h a t  i s  assoc ia ted  

s o l e l y  with a s t rong i n t e r a c t i o n .  
PP 

The following va lues  have been found experimentally [ 11 

*app = (- 17 5 3) f ;  lanp = - 23.7f. 

Determination of t h e  length  of  t h e  nn-scat ter ing i s  of  g r e a t  i n t e r e s t  because of 

t h e  s u b s t a n t i a l  d i f f e r e n c e  i n  t h e  va lues  of 'a '  

success  i n  making d i r e c t  observa t ion  of nn-scat ter ing.  However, it is p o s s i b l e  

t o  use  nuc lear  r e a c t i o n s  i n  which severa l  neutrons a r e  formed f o r  t h i s  purpose 

and t o  i n v e s t i g a t e  t h e  inf luence  of t h e  i n t e r a c t i o n  of neutrons i n  t h e  f i n a l  s ta te  

on t h e  n a t u r e  of t h e  nuc lear  reac t ion .  Processes  of t h e  following type a r e  t h e  

most a t t r a c t i v e  i n  t h i s  regard 

and 'a There has  been no 
PP nP- 

X -  + d +  2n + 7; 
p- + d + 2 n + v ,  

(1)  

when, i n  t h e  f i n a l  s t a t e ,  t h e r e  are no s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  o t h e r  than 

t h e  two neutrons.  However, s t rong  i n t e r a c t i o n s  i n  t h e  in te rmedia te  s t a t e s  of  t h e  

Eq. (1) r e a c t i o n  in t roduce  cons iderable  indeterminacy i n  t h e  t h e o r e t i c a l  com- 

p u t a t i o n s ,  and it is d i f f i c u l t  t o  i n t e r p r e t  t h e  experimental  data .  This  i s  why 

it is of i n t e r e s t  t o  check t h e  va lue  a = (- 16.4 k 1.9)f ,  obtained i n  experi- nn 
m a t s  on Tmeson capture  [l], i n  research  on weak  capture  o f  p -mesons by 

deuterons,  which l a t te r  permi ts  making a more r e l i a b l e  t h e o r e t i c a l  

1 

- 
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i n t e r p r e t a t i o n .  

deuteron proton can be  a t t r i b u t e d  t o  a weak i n t e r a c t i o n ,  and t h i s  permits  t h e  

computation o f  t h i s  process  i n  t h e  first order  of t h e  pe r tu rba t ion  theory.  

Actual ly ,  i n  t h e  Eq. (2) r eac t ion  t h e  cap tu re  o f  a p-meson by a 

Reference [23 suggested f ind ing  am by a sce r t a in ing  t h e  d i s t r i b u t i o n  i n  t h e  /lo5 
Eq. (2)  r eac t ion  i n  terms of  t h e  angle  o f  divergence o f  t h e  two neut rons  ( f o r  

s p e c i f i e d  neutron energy) i n  t h e  domain of  s m a l l  angles ,  o r  t h e  neutron energy 

spectrum €or f ixed  angle  of divergence. Experiments t o  determine t h e  shape of  

t h e  energy spectrum f o r  t h e  neut rons  i n  t h e  Eq. (2) r e a c t i o n  f o r  ene rg ie s  E - 
1 - 2 M e V  would be s impler ,  obviously.  The energy spectrum f o r  t h e  neutrons i s  

s e n s i t i v e  t o  t h e  magnitude o f  a i n  t h i s  energy domain, as i s  pointed ou t  i n  

t h i s  paper. W e  should poin t  o u t  t h a t  a d e t a i l e d  s tudy of  t h e  Eq. ( 2 )  process  

i s  even now wi th in  t h e  r e a l m  of  experimental  f e a s i b i l i t y  and can become a v a i l a b l e  

i n  t h e  near  fu ture .  

n 

nn 

W e  a l ready  know [ 3 ]  t h a t  t h e  cap tu re  of p-mesons i n  l i q u i d  deuterium t a k e s  

p l ace  on t h e  b a s i s  o f  t h e  s t a t e  of  t h e  hyperf ine s t r u c t u r e  of t h e  mesic atom with 

F = 1/2, because t h e  t r a n s i t i o n s  of  mesic atoms from t h e  F = 3 / 2  t o  t h e  F = 1/2 

s ta te  are in t ens ive ,  thanks t o  t h e  atomic c o l l i s i o n s .  This  i s  why we have con- 

s ide red  cap tu re  from t h e  F. = 1/2 s ta te  only. The neutron spectrum w a s  computed 

on t h e  b a s i s  of s tandard Hamiltonian f o r  p,capture [&I.  The matrix element for 

t h e  Eq. (2) reac t ion’  is i n  t h e  form 

i s  t h e  deut.eron sp in  func t ion ;  
‘sd 

J I  (0) i s  t h e  wave func t ion  f o r  t h e  p-meson i n  t h e  atom of deuterium, tak ing  
P 
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it t h a t  r = 0 because of  t h e  smallness of t h e  r a d i u s  of  t h e  deuteron a s  

compared with t h e  dimensions of t h e  mesic deuterium; 

V is t h e  neut r ino  momentum; 

is t h e  r e l a t i v e  momentum of t h e  neutrons;  
12 n 

m i s  t h e  nucleon mass. 

The deuteron w a v e  func t ion  i n  coordinate  representa t ion  w a s  s e l e c t e d  i n  t h e  

form C51 
$d (r, 01, .2) - 

4 

U ( f )  = C, e- (11‘; 

1-1 

/ io6 - 

where 

c4 = 1, 
2 

Kv(x) i s  t h e  McDonald func t ion ,  t h e  parameters N = 3.41 al, C = - 1 
C = C 

3 2  = 3.84, cy1 = 0.432 p,  cy2 = 3.69 p,  cy3 = 4.81 p, cy4 = 6.05 p,  

p = 0.0265; 

= t h e  w-meson mass. 

1-1 

The s e l e c t i o n  of t h e  deuteron wave func t ion  i n  t h e  Eqs. (41, (5)  form with t h e  

parameters ind ica ted  i s  a t t r i b u t a b l e  t o  t h e  f a c t  t h a t  t h i s  wave func t ion  provides 

t h e  c o r r e c t  values  f o r  t h e  coupling energy and t h e  deuteron quadrupole moment. I t  

is a l s o  a good d e s c r i p t i o n  of  t h e  experiments i n  connection with t h e  photodis- 

i n t e g r a t i o n  of t h e  deuteron when t h e  energ ies  of t h e  y-quanta a r e  Er 5 150 M e V  [51. 
The 2n-system wave func t ion  w a s  s e l e c t e d  i n  t h e  form 



where 
i 60  fo = e s i n  60; 

i s  t h e  phase of t h e  nn-sca t te r ing  i n  t h e  s-state; 60 

and t h e  parameter A is as soc ia t ed  with t h e  length  o f  t h e  s - s c a t t e r i n g  of a 

wi th  t h e  e f f e c t i v e  r ad ius ,  r by t h e  r e l a t i o n s h i p  
nn 

0’ 

( 7 )  

nn-sca t te r ing  is ignored i n  states wi th  moments 1 2 1. The conjugate  wave 

func t ion  of  t h e  2n system hac momentum rep resen ta t ion  i s  i n  t h e  following form 

when t h e  s - sca t t e r ing  i s  taken i n t o  cons idera t ion  

The Eq. ( 3 )  matr ix  element w a s  used t o  make t h e  numerical computation f o r  

t h e  energy spectrum f o r  t h e  neut rons  i n  t h e  Eq. (2) r eac t ion  f o r  f i v e  sets of 

parameter values ,  as l i s t e d  i n  t h e  t a b l e  (see f i g u r e ) .  

- dw 
dn 

3 

2 ‘. 

I 
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The neutron spectrum, dw/dn, normalized t o  u n i t y  f o r  a 22 MeV/c  neutron mo- 

mentum is shown i n  t h e  f igu re .  L e t  u s  no te  t h a t  t h e  i n t e r f e r e n c e  o f  t h e  S- and 

/io8 D-waves o f  t h e  deuteron wave func t ion  make less than  a 1% con t r ibu t ion  t o  t h e  - 
spectrum. 

t h e  i n t e r a c t i o n  i n  t h e  f i n a l  s ta te ,  

cha rac t e r i zed  by t h e  r e l a t i o n s h i p s  

The s e n s i t i v i t y  of  t h e  shape of  t h e  spectrum t o  t h e  parameters f o r  

and r and t h e  pseudoscalar  Gp, can be ann 0’ 

A ro AGP 
Wm ann r o  GP 

=00.15 - ~0.06 - . A a m  ‘2: 0.35 -- * 
H e r e  w is t h e  magnitude of t h e  spectrum presented a t  t h e  maximum. Thus, measure- 

ment of  a 

accuracy. A 10% indeterminacy i n  t h e  r ad ius  of t h e  i n t e r a c t i o n  w i l l  r e s u l t  i n  a 

5% indeterminacy 

on t h e  magnitude of  t h e  e f f e c t i v e  pseudoscalar,  

m 
wi th  10% accuracy r e q u i r e s  es tabl ishment  of  t h e  spectrum with 3% 

nn 

Spectrum shape i s  only mi ld ly  dependent nn* i n  t h e  magnitude of a 

GP 
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THE ABSORPTION OF n'-MESONS BY COMPLEX NUCLEI 

A. I. Fesenko 

ABSTRACT. The t h e o r e t i c a l  and experimental work already 
done i n  connection with t h e  mechanism involved i n  t h e  
c a p t u r e  o f  &mesons by n u c l e i  is reviewed. 
cluded t h a t  p e r t i n e n t  ques t ions  have not been answered 
and t h a t  f u r t h e r  i n v e s t i g a t i o n  is required.  

I t  i s  con- 

Nuclear r e a c t i o n s  have been broken down i n t o  two c l a s s e s :  

(1)  r e a c t i o n s  i n  which t h e  energy and t h e  momentum t r a n s f e r r e d  t o  

t h e  nucleus by t h e  p a r t i c l e  are d i s t r i b u t e d  among t h e  many degrees  of freedom 

of t h e  nucleus;  

( 2 )  d i r e c t  r e a c t i o n s ,  i n  which t h e  energy and t h e  momentum o f  the  

inc iden t  p a r t i c l e  are t r a n s f e r r e d  by a s m a l l  group of nucleons of t h e  nucleus.  

The compound nucleus forms and decays i n  t h e  c a s e  o f  low and medium ene rg ie s  

i n  t h e  first o f  t h e s e  r eac t ions .  A t  high ene rg ie s  a g r e a t  many p a r t i c l e s  t h a t  

have no c o r r e l a t i o n  with t h e  d i r e c t i o n  i n  which an inc iden t  p a r t i c l e  i s  moving 

( i n  a CM-system) escape. 

t r a n s f e r  t o  t h e  r e s i d u a l  nucleus.  There are t h r e e  groups of r a t h e r  crude models 

t o  d e s c r i b e  t h i s  t ype  of r e a c t i o n :  a simple s t a t i s t i c a l  model; thermodynamic 

models; and t h e  cascade mechanism [ l] .  

These r e a c t i o n s  are accompanied by s t rong  momentum 

In  d i r e c t  nuc lear  r e a c t i o n s  one, o r  s eve ra l  fast  p a r t i c l e s  are formed, and 

t h e s e  c a r r y  almost a l l  of t h e  energy and momentum t r a n s f e r r e d  t o  t h e  nucleus by 

t h e  i n c i d e n t  p a r t i c l e .  L i t t l e  momentumis t r a n s f e r r e d  t o  t h e  r e s i d u a l  nucleus,  

and t h e  nucleus remains i n  i t s  ground, o r  s l i g h t l y  exc i t ed ,  state. 

Fas t  secondary p a r t i c l e s  are c o r r e l a t e d  with t h e  d i r e c t i o n  i n  which t h e  

i n c i d e n t  p a r t i c l e  i s  moving. React ions of t h e  (p ,  2p ) ,  (p,  dp ) ,  (p ,  d ) ,  (n ,  d ) ,  

(d,  p ) ,  (+2p), (n, n p ) ,  e tc . ,  t y p e s  are included i n  d i r e c t  nuc lear  r eac t ions .  

D i r e c t  r e a c t i o n s  comprise approximately 20 t o  30% of a l l  i n e l a s t i c  processes  

( i n  t h e  energy range nea r  10 M e V ) .  

B u t l e r  advanced a theory  [2]  t h a t  explained t h e  s p e c i a l  f e a t u r e s  of t h e  

(d ,  p ) ,  (d,  n ) ,  (p ,  d ) ,  (n ,  d )  r e a c t i o n s  q u a l i t a t i v e l y  ( an i so t ropy  



i n  t h e  angular  d i s t r i b u t i o n ,  excesses  of high energy p a r t i c l e s ,  and t h e  l i k e ) ,  

i n  o r d e r  t o  desc r ibe  t h e s e  r e a c t i o n s  of s t r i p p i n g  and pickup. 

B u t l e r ' s  theory  cons,:ders t h e  i n t e r a c t i o n  of plane waves (of i nc iden t  and out-  

going p a r t i c l e s )  with t h e  absorbing sphere ( t h e  nucleus t a rge t ) .  

are a poor approxi. ,at ion,  hoh-ever. Today a g r e a t  many of t h e  experimental  f a c t s  

can be expla inee  by t h e  d i s t o r t e d  waves method, which t a k e s  i n t o  cons idera t ion  

t h e  d and p i n t e r a c t i o n  with t h e  o p t i c a l  p o t e n t i a l  of t h e  nucleus,  t h e  l a t t e r  

s e l e c t e d  so as t o  desc r ibe  s a t i s f a c t o r i l y  t h e  e l a s t i c  s c a t t e r i n g  of t h e s e  par- /110 

titles f o r  t h e  corresponding energies .  There i s  no t h e o r e t i c a l  b a s i s  f o r  t h i s  

method because t h e  pe r tu rba t ion  theory  [31 is  appl ied  t o  t h e  s t rong  i n t e r a c t i o n  

H a m i  1 tonian.  

Plane waves 

- 

S e r b e r ' s  hypothesis  with r e spec t  t o  t h e  q u a s i e l a s t i c  s c a t t e r i n g  of an in-  

c iden t  nucleon by a s e p a r a t e l y  moving nucleon i n s i d e  t h e  nucleus has  been used 

t o  desc r ibe  t h e  (p ,  2p) r e a c t i o n  [41. The development of  t h i s  hypothesis  made 

it poss ib l e  t o  expla in  q u i t e  a good many o f  t h e  experimental  f a c t o r s  i n  t h e  

(p, 2p ) ,  (p ,  d ) ,  (d, p ) ,  e t c . ,  t ype  r eac t ions  from a u n i f i e d  poin t  of view. 

Chew and Low [5] w e r e  t h e  f i r s t  t o  use  t h e  diagram technique t o  review 

q u a s i e l a s t i c  nuc lear  reac t ions .  F igure  1 i s  a diagram of  q u a s i e l a s t i c  scatter- 

ing. Subsequent development of t h i s  apparatus  by I. s. Shapiro C61 l e d  t o  t h e  

d i spe r s ion  theory  o f  nuc lear  r eac t ions .  The d i spe r s ion  theo ry  is  concerned with 

t h e  amplitude r eac t ion ,  and not  with wave funct ions.  This  is p a r t i c u l a r l y  i m -  

po r t an t  i n  studying r e a c t i o n s  i n  which complex p a r t i c l e s ,  such as d, t ,  and 

@-par t i c l e s ,  as w e l l  as  o t h e r s ,  p a r t i c i p a t e .  

The complex magnitude M ,  which is  as soc ia t ed  

wi th  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  i n  t h e  CM- 

system by t h e  following formula,  can be designated 

by t h e  amplitude of t h e  r eac t ion  A i x + B i y 

F igure  1. Diagram of  
q u a s i e l a s t i c  s ca t t e r ing .  

do - - _ -  
d& 

5 1 M 12. 
Px 

I n  t h i s  r eac t ion  t h e  amplitude of  M is  a funct ion of two v a r i a b l e s ;  t h e  square of 

& t r ans fe r r ed  momentum q ,  and t h e  summed k i n e t i c  energy, E ,  of t h e  c o l l i d i n g  

p a r t i c l e s  i n  t h e  CM-system: 

118 



4 2  = (P, - P,)2 ; 
E =  E,+ EA.  

The amplitude of t h e  r e a c t i o n  is t h e  sum of  an i n f i n i t e  series of  Feynman 

diagrams. 

number of i n t e r n a l  l i n e s ,  t h a t  is, of v i r t u a l  p a r t i c l e s  ( p o l a r ,  t r i a n g u l a r ,  and 

And t h e  d i r e c t  p rocesses  can be  descr ibed by diagrams with a s m a l l  

F igure  2. The energy d i s -  
t r i b u t i o n  of s ing ly  charged 
p a r t i c l e s  emit ted when t h e  
l i g h t  nuc le i  of  an emulsion 
are s p l i t .  

The curves  descr ibe  t h e  energy 
s p e c t r a  corresponding t o  t h e  
phase volume ( t h e  dashed curve)  
and t o  t h e  H e 3  ( t h e  dash-dot 
curve)  and H e 4  ( t h e  s o l i d  curve)  
po la r  p a r t i c l e s .  

cordance wi th  t h e  da t a  contained 

The d ispers ion  theory  of d i r e c t  nuc lear  

r eac t ions  p r e d i c t s  t h e  mechanism t h a t  should 

be evident  i n  each concre te  reac t ion .  This  

means t h e  dominating con t r ibu t ion  o f  t h e  

corresponding Feynman diagram t o  t h e  amplitude 

of  t h e  r eac t ion  can be determined. Only two 

diagrams, t h e  po la r  and t h e  t r i a n g u l a r ,  have 

been used t o  descr ibe  t h r e e - p a r t i c l e  r e a c t i o n s  

of  t h e  (n’, 2p) (rr-, nn) type. 

/I11 

V. M. Kolybasov [7,  81 provides  computa- 

t i o n s  made f o r  processes  i n  which a slow n-- 

meson is  absorbed by l i g h t  nuc le i  of t h e  

a - p a r t i c l e  type  (C , 0 1. The computations 

are made f o r  a po la r  diagram wi th  a v i r t u a l  

@ - p a r t i c l e  and no hypothes is  of any type  is  

forthcoming concerning t h e  s t r u c t u r e  of t h e  

nuc le i .  The emission and energy spec t r a  f o r  

protons,  deuterons,  and t r i t i u m  nuc le i  a r e  

obtained,  as  are t h e  angular  c o r r e l a t i o n s  of  

t h e s e  p a r t i c l e s .  The computed and experi-  

mental spec t r a  a r e  shown i n  Figure 2,  where 

t h e  spec t r a  o f  t h e  nuc le i  o f  t r i t i u m  and of  

t h e  deuterons,  computed on t h e  b a s i s  of t h e  

diagrams (Figure 3 ) ,  are i n  q u i t e  good con- 

i n  [ 9 ] .  The d i s t r i b u t i o n  of nucleon p a i r s  i n  

12 16 

t e r m s  of  t h e  energy of r e l a t i v e  motion is s e n s i t i v e  t o  t h e  U--meson cap tu re  

mechanism. Figure 4 shows t h e  d i s t r i b u t i o n s  of  nn-pairs  i n  t e r m s  of energy of 

r e l a t i v e  motion, computed f o r  va r ious  mechanisms involved i n  t h e  capture  of 



='-mesons by d2 nucle i .  

p o l a r  diagram, with curves 3 and 4 p l o t t e d  i n  terms o f  t h e  r p a r t i c l e .  

lack of experimental  d a t a  m a k e s  it impossible t o  g ive  preference  t o  any par- 

t i c u l a r  p o l a r  diagram. 

R. I. Dzhibuti  and T. I. Kopaleyshvi l i  [lo]. Thei r  b a s i s  w a s  a two-nucleon 

absorp t ion  mechanism. A model of t h e  two-nucleon absorp t ion  mechanism f o r  

n-mesons is used i n  Qther t h e o r e t i c a l  papers as w e l l  (see [l-171 i n  [ll]). 

Curves 1 qnd 2 w e r e  p l o t t e d  i n  terms of t h e  deuteron 

The 

These same d i s t r i b u t i o n s  w i l l  be found i n  t h e  paper by 

Figure 3. Polar  diagrams corresponding t o  t h e  cy-particle 
c a p t u r e  mechanism. 

T. I. Kopaleyshvili  [12] h a s  made a t h e o r e t i c a l  i n v e s t i g a t i o n  of t h e  ab- 

s o r p t i o n  of moving n-mesons by C12  and 0l6 n u c l e i  i n  (n+, 2 p ) ,  

( ~ 7 ,  np) r e a c t i o n s  f o r  =-meson energy va lues  of 20 and 60 MeV. The b a s i s  f o r  

t h e  computation is t h e  assumption of a two-nucleon mechanism f o r  t h e  absorpt ion 

of  n-mesons, and t h a t  t h e  p r i n c i p a l  c o n t r i b u t i o n  t o  t h e  r e a c t i o n  c r o s s  s e c t i o n  

i s  made by t h e  emission o f  two nucleons from t h e  P-shel l .  

c o n t r i b u t i o n  from t h e  S-she l l  show t h a t  t h i s  c o n t r i b u t i o n  i s  approximately 1/20& 

(n-, 2111, 

Evaluat ions of t h e  

F igure  4. 
neut rons  i n  terms of  energy of  
r e l a t i v e  motion during t h e  capture  
of  n--mesons by C12 nuc le i .  

D i s t r i b u t i o n  of p a i r s  of  

/112 - 

t h a t  made by t h e  P-she l l ,  and t h a t  t h e  

h c k - p n  of one nucleon from t h e  S-, 

and t h e  o t h e r  from t h e  P-shel l ,  i s  about 

15%. Only t h e  c o n t r i b u t i o n  from t h e  P- 

s h e l l  (Figure 5 )  was taken i n t o  consid- 

e r a t i o n  i n  t h e  d i s t r i b u t i o n  of t h e  es- 

caping p a i r s  of  nucleons i n  t h e  (n+, 2p) ,  

(IT+, n p ) ,  processes  i n  t h e  0l6 nucleus 

obtained i n  terms o f  t h e i r  r e l a t i v e  en- 

e rg ies  ( t  = E /E w h e r e  E is  t h e  re- 

l a t i v e  energy, and E is  t h e  t o t a l  re- 

leased  energy).  Curves 1 and 3 a r e  f o r  /I13 

t h e  (=+, 2p) r e a c t i o n ,  and curves 2 and 4 

a r e  f o r  t h e  (n+, pn) reac t ion .  The 

paired c o r r e l a t i o n  of t h e  nucleons i n  t h e  

r t '  r 

t 

1 20 



Figure 5, D i s t r ib -  
u t i o n  of nucleons 
i n  terms of t h e i r  
r e l a t i v e  energies .  

nucleus w a s  t aken  i n t o  cons idera t ion  i n  t h e  1, 2 d i s t r i b -  

u t ion ,  but  w a s  not i n  t h e  3, 4 d i s t r i b u t i o n s .  

Reference [13] cons iders  t h e  (n+, 2p) r eac t ion  wi th in  

t h e  framework of t h e  d i r e c t  mechanism of t h e  absorpt ion of  

t h e  n-meson by two nucleons. Nuc le i  states corresponding 

t o  t h e  conf igura t ions  

nucleus)  a r e  considered i n  t h e  a n a l y s i s  of energy spec t r a  f o r  

product nuc le i ,  The h ighly  exc i t ed  s t a t e  of t h e  nucleus 

with inne r  S-she l l  destroyed is i n  t h e  I s2p10 > configur-  

a t ion .  The N l 4 ( = + ,  2p)C12 r eac t ion  i n  p a r t i c u l a r  w a s  re-  

viewed. 

i n  F igure  6 ( t h e  experimental da t a  were taken from C141). 
A s  w i l l  be seen from t h i s  f i g u r e ,  t h e  concordance between 

1 S4P8.>,' I s3P9 >, IS2P 'o  > ( f o r  t h e  C12 

, .  

The computed spectrum of t h e  C12 nucleus is shown 

t h e  experimental and t h e o r e t i c a l  curves  is encouraging. This  t e l l s  u s  t h a t  low 

n-meson energ ies  (about 100 M e Y )  al low u s  t o  discover  t h e  exc i ted  state of 

nuc le i  wi th  one, and even two ho le s  i n  t h e  S-shel l .  The re ference  c i t e d  shows 

t h a t  t h e  development of a model f o r  t h e  d i r e c t  mechanism involved i n  t h e  ab- 

so rp t ion  of n-mesons (as w e l l  as of nucleons and of compound p a r t i c l e s )  is t h e  

b e s t  way t o  analyze experimental  da t a  and t o  ob ta in  even more information con- 

cerning t h e  mechanism involved i n  d i r e c t  nuc lear  reac t ions .  However, t h e  d i f f i -  

c u l t i e s  involved i n  t h e  i d e n t i f i c a t i o n  of t h e  mechanism involved i n  d i r e c t  pro- 

ces ses  a r e  + t i 1 1  grea t .  There is a need f o r  t h e  theory  t o  point  out  t h e  c r i t e r i a  

f o r  recognizing t h e  mechanism from t h e  experimental data. 

A d e t a i l e d  review of t h e  c r i t e r i a  needed t o  determine t h e  polar  mechanism 

i s  provided i n  [l5]. L e t  u s  list these  cr i ter ia  once again. 

1, The Treyman-Yang [ s i c ]  c r i t e r i o n .  

2. Measurement of I M I  i n  terms of  t h e  energy, E, of t h e  c o l l i d i n g  pa r t -  
- 2  

i c l e s  i n  a CM-system of r e a c t i o n  with va lues  of t h e  o t h e r  kinematic i n v a r i a n t s  

f ixed ,  I f  t h e  r eac t ion  mechanism i s  polar ,  should not  depend on E. 

3 .  Obtaining t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  i n  t e r m s  of t h e  kmentum, q, 

of t h e  r e s idua l  nucleus i n  t h e  L-system. 
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4. Measurement of  t h e  a b s o l u t e  value of t h e  magnitude of t h e  d i f f e r e n t i a l  L114 

c r o s s  s e c t i o n ,  and i t s  c,omparison with t h e  t h e o r e t i c a l  p red ic t ion .  

5.  Measurement of t h e  A + x + B + y + z r e a c t i o n  c r o s s  s e c t i o n  as a 

f u n c t i o n  of t h e  independent kinematic i n v a r i a n t s  of t h e  y1 + x -b y + z r e a c t i o n s  

(yl  is a v i r t u a l  p a r t i c l e ) .  

6. Check of t h e  f e a s i b i l i t y  of i s o t o p i c  r e l a t i o n s h i p s  between t h e  d i f f e r e n t  

channels  a t  t h e  v e r t i c e s .  

7. Measurement of t h e  p o l a r i z a t i o n  of t h e  r e s i d u a l  nuc le i .  

f-mesons. Despi te  t h e  f a c t  t h a t  a g r e a t  many experiments have been made 

(see [20-371 i n  [12]) i n  which t h e  i n t e r a c t i o n  between slow n'-mesons and nuc le i  

has  been s tudied ,  t h e  n-meson absorpt ion mechanism is still  not  very w e l l  under- 

stood. The t a rge t s  used i n  t h e  experiments w e r e  l i g h t  n u c l e i  with A < 40, f o r  

t h e  most par t .  The experiments conducted by A. 0. Vaysenberg, e t  al., [91 
u t i l i z e d  t h e  photoemulsion method and revealed that  t h e  absorp t ion  o f  slow l-r-- 

Figure 6. The curve of  C12 excita- 
t i o n  i n  t h e  N 1 4 ( , r + ,  2p)C12 r e a c t i o n  
as a func t ion  of E*, t h e  nuc le i -  
r e s i d u e s  e x c i t a t i o n  energy. 

The s o l i d  curve is t h e  t h e o r e t i c a l  
spectrum, obtained from a model of 
s h e l l s  with in te rmedia te  coupling. 
The dashed m a x i m a ,  1, 2, and 3 ,  
correspond t o  t h e  c o n f i g u r a t i o n s  
of  t h e  nuc le i - res idues .  

I .$'pa >, Is'p' > r  I S'P'' >* 

mesons by C12 and n u c l e i  is accom- 

panied by t h e  escape of  f a s t  protons,  deu- 

te rons ,  and t r i t i u m  nucle i .  The escape of 

t h e  deuterons and of t h e  t r i t i u m  nucle i  

with energ ies  g r e a t e r  than 10 M e V  is 

approximately 40% and 15%, respect ively.  

The energy s p e c t r a  of  protons,  deuterons,  

and t r i t i u m  n u c l e i  (see Figure 2) obtained 

l e d  t h e  au thors  t o  conclude t h a t  t h e  main 

c o n t r i b u t i o n  t o  t h e  amplitude of t h e  re- 

a c t i o n  of absorp t ion  of n--mesons by 

n u c l e i  is made by t h e  polar  diagram with a 

v i r t u a l  0 - p a r t i c l e .  

P. I. Fedotov E161 a l s o  inves t iga ted  /115 - 
t h e  absorp t ion  of  slow rr--mesons by carbon 

nuclei .  Based on t h e  energy spectrum of 

f a s t  secondary p a r t i c l e s ,  a s  w e l l  as on 

t h e  mean e x c i t a t i o n  energy a v a i l a b l e  f o r  



d d 

t h e  r e s idua l  nuc le i ,  Uexp = (52 f 7)  M e V  (Ucomp = 48 MeV). 

t h a t  T--mesons can be  captured by a p a i r  of  nucleons i n  t h e  nucleus,  and t h a t  

t h e  r a t i o ,  R,  o f  t h e  p r o b a b i l i t y  of t h e  absorpt ion of rr-mesons by p a i r s  o f  

nucleons,  n - p(Wnp) and p - p(W 

angular  d i s t r i b u t i o n s  of nucleon p a i r s  emit ted during t h e  absorp t ion  of  rr--mesons 

by nuc le i ,  as w e l l  as t h e  energy s p e c t r a  of fast protons.  

The au thor  concluded 

1, is 4 & 1.3. Reference [ll] measured t h e  
PP 

(II 
c, 

Figure  7. The energy spectrum of 
protons formed i n  t h e  
C12(n - - ,  2p)B1° reac t ion .  

Figure 7 shows t h e  energy spectrum 

of pro tons  formed during t h e  absorp t ion  

of rr--mesons by C12 nuc le i  ( t h e  hatched 

p a r t  shows t h e  s ta t i s t ica l  e r r o r s ) .  A 

s i m i l a r  spectrum w a s  obtained f o r  t h e  

0 l6  nuc le i .  A comparison between 

spec t r a  and computations made on t h e  

assumption of a two-nucleon n--meson 

capture  mechanism favor s  t h i s  mechanism. 

A p a r t i c u l a r l y  c a r e f u l  s tudy  w a s  made 

o f  t h e  angular  c o r r e l a t i o n  of t h e  two 

nucleons formed during n--meson cap tu re  

by np- and pp-pairs  (F igure  8) .  

The au thors  f e e l  t h a t  t h e  angular  d i s t r i b u t i o n  of t h e  nucleons p o i n t s  t o  t h e  

predominance of t h e  two-nucleon mechanism. The r a t i o  R = W /W which is q u i t e  

s e n s i t i v e  t o  t h e  two-nucleon c o r r e l a t i o n  i n s i d e  t h e  nucleus,  w a s  measured. The 

mean value f o r  P-shel l  nuc le i  w a s  R = 3 . 3  k 0.9. Computation of  pp- and np-pa i rs  

i n s i d e  t h e  nuc le i ,  wi th  t h e  Pau l i  p r i n c i p l e  taken i n t o  cons idera t ion ,  y ie lded  

R = 3 ,  which is  i n  concordance wi th  t h e  da t a  i n  t h e  paper. 

nP PP’ 

rr+-mesons. The absorp t ion  of =+-mesons by nuc le i  can a l s o  be s tud ied  i n  

The energy of  n+-mesons 

1116 

o rde r  t o  e s t a b l i s h  t h e  rr-meson absorp t ion  mechanism. 

i n  a beam d i f f e r s  i n  d i f f e r e n t  re ferences ,  but  is between 70 and 200 MeV. The 

photoemulsion method w a s  used i n  Cl7, 181 t o  i n v e s t i g a t e  t h e  absorpt ion o f  

-mesons with an energy of  70 MeV. The y i e l d  of f a s t  p ro tons  (about 90%) 
and o f  deuterons (approximately 10%) i n  r eac t ions  of t h e  (IT+, 2p) type  w a s  

es tab l i shed .  The n a t u r e  of  t h e  angular  and momentum spectra i h d i c a t e s  the 

absence of  any s i g n i f i c a n t  percentage o f  cap tu res  of rr -mesons by p a i r s  of 

nucleons i n  t h e  low-energy states. 

+ 

-k 



Figure  8. Angular d i s t r i b u t i o n  o f  
t h e  nucleon-nucleon p a i r s  formed i n  

t h e  0l6 reac t ion .  

A l l  d a t a  hormalized t o  u n i t y  a t  180~. 
The dashed curve w a s  computed i n  t e r m s  
o f  t h e  r p a r t i c l e  f o r  t h e  model, while  
t h e  dash-dot curve w a s  computed f o r  
t h e  two-nucleon mechanism. The theor -  
e t ica l  curves  w e r e  taken from V. M. 
Kolybasov C81. 

# C  

t h e  N 1 4 ( ~ + ,  2 ~ ) 3 ~  r eac t ion .  The au thors  
. n  

14 Reference C191 s tud ied  t h e  N 

(IT+, 2 ~ 1 3 ~  r e a c t i o n  f o r  n+-meson energy 

of 20 MeV. The au tho r s  concluded t h a t  

t h e  absorp t ion  of  +-mesons i n  a re- 

a c t i o n  o f  t h i s  type  i s  a t t r i b u t a b l e  

p r imar i ly  t o  quasideuteron p a i r s  of 

nucleons from t h e  P-shel l  of  t h e  N 

nuc 1 eu s . 
14 

V. F. Kosmach, e t  a l . ,  [ 20 ] , ' i n -  

ves t iga t ed  t h e  C l 2 ( n + ,  2p)d2@ reac t ion ,  

t h e  c r o s s  s e c t i o n  of which is about 10% 

of t h e  t o t a l  c r o s s  s e c t i o n  of  t h e  absorb- 

t i o n  of  n+-mesons by C12 nuc le i .  

sis of  energy and angular  d i s t r i b u t i o n s  

of a - p a r t i c l e s  and deuterons shows t h a t  

t h e  r eac t ion  i s  a t t r i b u t a b l e  t o  a more 

complex mechanism than  t h a t  involved i n  

assume t h e  cap tu re  of t h e  n+-meson by an 

Analy- 

@ - p a r t i c l e  i n  t h e  CLz(n+, 2p)d2, r eac t ion ,  with t h e  r e s u l t  t h a t  t h e  w p a r t i c l e  

s p l i t s  i n t o  d and 2p. The Charpak team [14, 21, 221 d id  some i n t e r e s t i n g  ex- 

periments i n  CEFW, where t h e  Treyman-Yang c r i t e r i o n  f o r  expla in ing  t h e  mechanism 

of  t h e  d i r e c t  r eac t ion  (n', 2p) w a s  t e s t e d  f o r  t h e  f i r s t  t i m e .  The i n i t i a l  =+- 
meson energy w a s  80 MeV. , N ,  0 , F", 

A 1 2 7 ,  S ,  C1, C a  

energy w e r e  obtained f o r  t h e s e  nuc le i .  The experimental  d a t a  f o r  carbon, n i t r o -  

gen, and oxygen w e r e  compared wi th  t h e  computations made by T. I. Kopaleyshvili  

(F igure  9). There is q u a l i t a t i v e  concordance between experiment and theory.  The 

L i  (n+, 2p)He r eac t ion  w a s  analyzed i n  more d e t a i l  C231. F igure  10 shows t h e  

experimental  spectrum of summed proton energy, converted t o  t h e  H e  nucleus 

e x c i t a t i o n  energy. A s  w i l l  be seen, t h e  spectrum has  t h r e e  sepa ra t e  regions.  

Region I i s  t h a t  f o r  t h e g r o u n d s t a t e  of H e  , while  11 and 111 a r e  f o r  He4 i n  t h e  

exc i t ed  state.  The d i s t r i b u t i o n  i n  t e r m s  of  t h e  Treyman-Yang angle  was p l o t t e d  

f o r  each region (F igure  11). The Treyman-Yang c r i t e r i o n  i s  s a t i s f i e d  i f  H e  

forms i n  t h e  ground state. The angular  and momentum d i s t r i b u t i o n s  o f  t h e  H e  

- /117 

4 6 9  12 16 The nuclei '  of D,  He , L i  , B e  , B ,  C 
40 , Fe, Pb w e r e  s e l e c t e d  a s  targets .  Spec t r a  of t h e  summed proton 

6 4 
4 

4 

4 

4 
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recoil nucleus i n  Range I is w e l l  explained by t h e  mechanism involved i n  t h e  

absorp t ion  of a rr+-meson by a pe r iphe ra l  deuteron, t h a t  is, t h e  polar na tu re  of 

the process  p reva i l s .  Range TI corresponds t o  t h e  s ta te  of He exci ted  by energy 

between 10 < Eex < 40 MeV. 

t h a t  t h e  n-meson is absorbed by an cu-par t ic le  i n  t h e  L i  nucleus.  This  energy 

4 

The a n a l y s i s  made of t h e  d a t a  i n  t h i s  region assumed 
6 

' 0  

6- 

4 

2 

0- 

a n  Om(fl: Zp) Ni4 

Exc i t a t ion  energy, MeV 

F i g u r e  9. Spectrum of nucleus-residue e x c i t a t i o n  energy 
i n  t h e  (n+, 2p) r eac t ions  i n  C l 2 ,  and 016. 

The s p e c t r a  were obtained from t h e  s p e c t r a  of 
t h e  s u m m e d  proton energy and photon kinematics.  
T h e  s o l i d  curves  w e r e  covpJted i n  [12]. 



H e 4  e x c i t a t i o n  energy, M e V  

F igure  10. 

L i  ('IT+, 2p)He reac t ion .  

H e 4  e x c i t a t i o n  energy i n  t h e  
6 4 

m 
- v: 

I l l l  

reg ion  al'so i n d i c a t e s  

t h e  pe r iphe ra l  model f o r  t h e  descr ip-  

t i o n  o f  t h e  L i  (n+, 2p)He reac t ion .  

Moreover, d i r e c t  nuc lear  r eac t ions  

provide information on t h e  loca t ion  

and magnitude of t h e  energy l e v e l s  of 

t h e  nucleus,  on t h e  reduced widths of 

deuterons,  of  t r i t i u m  nuc le i ,  of n- 

p a r t i c l e s ,  and t h e  l i k e .  However, it 

i s  d i f f i c u l t  t o  make a q u a n t i t a t i v e  

s tudy  of nucleon a s soc ia t ion  l eve l s .  

It  i s  necessary  t o  s e l e c t  t hose  re -  

a c t i o n s  i n  which these  l e v e l s  would 

6 4 

be  exc i t ed  with t h e  s a m e  s e l e c t i v i t y  as s i n g l e  p a r t i c l e  l e v e l s  [ i n  t h e  (d ,  p )  

reac t ion] ,  f o r  example. 

This  b r i e f  survey of t h e  t h e o r e t i c a l  and experimental  work a l ready  done 

makes it apparent t h a t  t h e  ques t ion  concerned with t h e  mechanism involved i n  

t h e  cap tu re  o f  n't-mesons by n u c l e i  has  not been answered, and r e q u i r e s  f u r t h e r  

i nves t iga t ion .  

at-!- ' 0 60 I20 I80 

B 

Figure 11. D i s t r i b u t i o n  i n  terms of  t h e  Treyman-Yang 

angle  i n  t h e  L i  (n , 2p)He r e a c t i o n .  6 +  4 
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MEASUREMENT OF ELECTRON AND Y-QUANTA ENERGIES 
I N  HEAVY-LIQUID BUBBLE CHAMBERS 

A. T. Bederkin, V. S. Demidov, A. I. Ponosov, 
V. P. Protasov, F. M. Sergeyev 

ABSTRACT. The v a r i o u s  methods used t o  measure e l e c t r o n  and 
y-quanta e n e r g i e s  i n  heavy-liquid bubble chambers are analyzed. 
The experimental  r e s u l t s  obtained from t h e s e  measurements are 
t a b u l a t e d  . 

Reactions i n  which ='-mesons and y-quanta p a r t i c i p a t e  are of g r e a t  i n t e r e s t  /121 

i n  t h e  s tudy of s t rong  and electromagnet ic  i n t e r a c t i o n s .  This  h a s  produced a 

need t o  use ' ins t ruments  t h a t  can record t h e s e  r e a c t i o n s  during experiments with 

q u i t e  high e f f ic iency .  One such instrument i s  t h e  heavy-liquid bubble chamber. 

But when recor.ding e f f i c i e n c y  is good it i s  d i f f i c u l t  t o  obt-ain h ighly  accura te  

measurements of  t h e  energ ies  of  y-quanta and e lec t rons .  This  c o n t r a d i c t i o n  can 

* c  

be el iminated by s e l e c t i n g  t h e  instrument dimensions and t h e  d e n s i t y  of t h e  

working l i q u i d  f o r  each concre te  problem. Thus, w e  can o b t a i n  t h e  necessary 

optimum f o r  I1photon1l c h a r a c t e r i s t i c s  f o r  t h e  chamber, g iv ing  preference t o  

d e t e c t i o n ,  of  course. Figure 1 is a photograph of t h e  e l e c t r o n  t r a c k s  made i n  

a 105 c m  f reon  chamber i n  t h e  MIFI [Moscow Engineering Physics  I n s t i t u t e ] .  

A f u r t h e r  problem i s  t h a t  of UE- 

T-"S-,..7 - r$ ing a q u a l i t a t i v e  technique f o r  pro- 
1. ; 
y'<. . ' i  cess ing  and applying s u f f i c i e n t l y  pre- 8 . .  

-._ '* . 
4: *.) . { cise measurement methods. Important . .  

. ,  ,,&g ;": ,.., 'Y- --- '. 
1 -  2 ~ .. _- .- "%- ..- ,- ,-.;...- , 

Y''- .?, 'I r e s u l t s  have been obtained along ,- : 

$ . ::,.=.-. ... .__?_ ..? . .-.-;;'-.-+z . 
:, 5 .  

'1 
j t h e s e  l i n e s  i n  recent  years ,  and 

. . _-.I-. ^i 3 
because t h e  processes  i n  which 

y-quanta and TO-mesons take  p a r t  

a r e  a t t r a c t i n g  t h e  a t t e n t i o n  of an 

c_& -. _- . . . '",' 
Figure  1. Photograph of e l e c t r o n  and 
pos i t ron  t r a c k s  i n  a bubble chamber. 
Magnetic f i e l d  16,000 oers teds .  

ever-widening c i rc le  of experimenters,  it has  become necessary t o  br ing  to-  

g e t h e r  t h e  most s i g n i f i c a n t  of  t h e s e  r e s u l t s .  I t  should be pointed out  t h a t  

Morel le t  r e c e n t l y  compiled q u i t e  a d e t a i l e d  survey [l], and t h a t  w e  do not  yet 

have s imilar  surveys i n  our  l i t e r a t u r e .  

/122 - 



1. The I n t e r a c t i o n  of y-quanta and Elec t rons  w i t h  Matter 

An e l e c t r o n  l o s e s  i t s  energy as a r e s u l t  of t h e  i n t e r a c t i o n  with t h e  atoms 

- .. 

of t h e  medium as it passes  through a substance. An e l e c t r o n  can undergo in- 

e las t ic  c o l l i s i o n  with an atom, r e s u l t i n g  i n  its exci ta t ion,  or  i o n i z a t i o n ,  or 

t o  d e f l e c t i o n  i n t o  t h e  f i e l d  of t h e  nucleus. Sof t  quanta emissions occur  with 

each d e f l e c t i o n ,  and it is  r a r e  t o  have t h e  emission of  a s i n g l e  quantum with 

energy comparable t o  e l e c t r o n  energy. 

a. Ion iza t ion  dece lera t ion .  Ion iza t ion  l o s s e s  of e l e c t r o n s  i n  a medium - 

can be computed through t h e  Bethe-Block formula 

where 

I i s  t h e  mean i o n i z a t i o n  p o t e n t i a l  of t h e  atom; 

W = Te/2; 
max 

v, Te 

m e a r e  e l e c t r o n  mass and charge,  respec t ive ly ;  

n i s  t h e  number of e l e c t r o n s  i n  1 gram of t h e  substance;  

6 i s  t h e  d e n s i t y  effect of  t h e  medium. 

a r e  t h e  v e l o c i t y  and t h e  k i n e t i c  energy of t h e  bombarding e l e c t r o n ;  

e' 

e 

The magnitude of c/Z takes t h e  s h e l l  s t r u c t u r e  of t h e  atom i n t o  considerat ion.  

When t h e r e  i s  a n u c l e i  mixture 

where 

p ,  P a r e  d e n s i t y  and s t a t i s t i c a l  weight of a component of t h e  mixture,  
respec t ive ly .  

The i o n i z a t i o n  c h a r a c t e r i s t i c s  of t h e  components of t h e  most widely used chamber 

mixtures a r e  l i s t e d  i n  Table 1. 



Components 

1 

12 

19 

35.5 

80 

H 

C 

F 

CI 

Br 

19.5 

78 

117.2 

217.6 

430 

z 

1 

6 

9 

17 

35 

0 

0.001 

0.0014 

0.0037 

0.0104 

. b  

- 
I 

1.5 

3 

3 

b. Bremsstrahlung. The emission of energy quanta p l a y s  an important r o l e  /123 

i n  t h e  energy l o s s e s  of  e l e c t r o n s  i n  a medium. F l u c t u a t i o n s  i n  mean r a d i a t i o n  

l o s s e s  are s l i g h t  i f  s o f t  quanta are emitted as a r e s u l t  o f  c o l l i s i o n s .  The 

spread i s  great i n  t h e  case of  t h e  emission of  a hard quantum. 

Computations made on t h e  b a s i s  of  t h e  Thomas-Fermi model y i e l d  t h e  fo l lowing  

formula fo r  t h e  d i s t r i b u t i o n '  o f  r a d i a t e d  f requencies  [ 21 

x In (1 83Z-''5) + - 
9 

( t h e  case of  t o t a l  s h i e l d i n g ) .  H e r e  'p i s  t h e  c r o s s  s e c t i o n  of t h e  r a d i a t i o n  of 

a quantum i n  t h e  energy i n t e r v a l  from k / ( E  

are t o t a l  energy and m a s s  o f  t h e  e l e c t r o n ,  r e spec t ive ly ;  and < 
The following formula r e p r e s e n t s  t h e  d i s t r i b u t i o n s  of  bremsstrahlung i n t e n s i t y  

9 
- p )  t o  ( k  + dk)  / (Eo - IJ.); Eo, IJ. 

2 
0 

> = Zre/137. 

(a  - 20 -+ 23), k a b a  _ _ ,  
Eo<?> EO In  EO/(%-^)) (3 )  

2 and desc r ibes  those  d i s t r i b u t i o n s  q u i t e  w e l l  f o r  ene rg ie s  E 2 5 0 m  c [2]. 
e 

It is probable t h a t  an e l e c t r o n  moving a d i s t a n c e  d l  i n  a substance con- 

t a i n i n g  N atoms p e r  c 3  w i l l  l o s e  energy k equal t o  

o r ,  if new v a r i a b l e s  are in t roduced  



where 

b = a < 'p> N. 

The p r o b a b i l i t y  t h a t  e l e c t r o n  energy w i l l  be reduced by a f a c t o r  of ey over  

path dt can be w r i t t e n  i n  t h e  form 

This  p r o b a b i l i t y  is normalized t o  u n i t y  

fW(Y)dY - 1. 

Eq. (6a)  is v a l i d  a s  w e l l  f o r  f i n i t e  1;  t h a t  is 

e-' yb'-l dy, w b ,  f ) d y  = 
where r ( b o  

r ( b t )  is  t h e  gamma funct ion.  

Xo, t h e  r a d i a t i o n  length ,  can be found t 

I ,  = ( X ,  In 2)-l 

or 

rough 

Z (Z + E)r,2 In (183 Z-"3. XI? = - - 137 A 

h e  expression 

( 8  1 

3 H e r e  N ,  Z ,  and A a r e  t h e  number of  atoms per  c m  , charge, and atomic weight, 

respec t ive ly .  The magnitude of 5 t a k e s  i n t o  cons idera t ion  t h e  sh ie ld ing  

effect o f  atomic e l e c t r o n s .  For a nucle i  mixture 

(9)  

where 

i s  t h e  s t a t i s t i c a l  weight of t h e  mixture component. 'i 

X and 5 values  a r e  l i s t e d  i n  Table 2. 0 



TABLE 2 

Comjxment s 

H 
C 

F 

CI 

Br 

Xe 

C3Hs 

CzFsCI 

C F ~ B I  

c2Fsc13 

c. Pho toe lec t r i c  e 

1 

6 

9 

17 

35 

54 

- 
- 
- 
- 

A 

1 

12 

19 

35.5 

80 

131 

- 
- 
- 

- 

1 , s/cm 

0.0628 

1.55 

1,11 

1 , s  

3.1 

2.2 

0.41 

1.2 

1.5 

1.1 

I X,, c m  E 

9 15 

27,3 

29.5 

12.3 

3.61 

3.5 

112 

24,2 

10,6 

22.8 

1.39 

1.32 

1.30 

1.26 

1.22 

- 
- 
- 
- 

- 

t. The p a s s ~ j e  of y-quanta i n t o  m a t t e r  i s  - 
accompanied by a pho toe lec t r i c  effect, t h e  Compton effect, p a i r  production, and 

s e l e c t i v e  absorp t ion  processes.  

quency can be absorbed and t h e  d i s c r e t e  level of t he  atom can be exc i ted .  

I n  t h e  l a t t e r  case r a d i a t i o n  a t  some one f r e -  Liz5 

The conservat ion o f  energy and momentum l a w s  p r o h i b i t  t h e  pho toe lec t r i c  

effect by a free e l ec t ron ,  t h a t  is, t h e  bond between the  e l e c t r o n  and t h e  atom 

t o  which some of  t h e  photon momentum is  imparted is extremely s i g n i f i c a n t  f o r  

t h e  pho toe lec t r i c  effect. The s t ronge r  t h i s  bond, t h e  greater t h e  p robab i l i t y  

of t he  pho toe lec t r i c  effect. The c r o s s  sec t ion  i n  the  n o n r e l a t i v i s t i c  case is 

i n  t h e  form 3 2 6 ~  - .- 
3 

u =  

arid i n  t h e  extreme re l a t iv i s t i c  case is i n  t h e  form 
26 m,c2 

137' k 
o = 4nre2 - . - . 

The i n t e n s i t y  of  r a d i a t i o n  of  p h o t o e l e c t r i c  energy is zero i n  t h e  d i r e c t i o n  of  

photon propagation. 

d. The Compton effect. The process  involved i n  t h e  s c a t t e r i n g  of y-quanta 

by e l e c t r o n s  of  t h e  medium can occur  with,  and without,  change i n  the  frequency 

of t h e  inc iden t  r ad ia t ion .  The wavelength remains unchanged when t h e  energy of 

t h e  quanta is less than t h e  ion iza t ion  po ten t i a l .  The sources  o f  s c a t t e r e d  

r a d i a t i o n  are the  bound e l e c t r o n s  of  t he  atom t h a t  resonate  as a r e s u l t  o f  

t h e  effect of t h e  inc iden t  r a d i a t i o n  and thus  themselves 

132 



become r a d i a t o r s  of y-quanta at t h e  Bame  frequency $8 t h a t  of t h e  inc iden t  

r ad ia t ion .  

cross s e c t i o n  per e l e c t r o n  does n o t  depend on t h e  frequency 

This  type  of s c a t t e r i n g  has  been named Thomsxin s c a t t e r i n g .  The 

8 2 
3 

or - - we2 = 0.66- lowu cm 

The frequency o f  t h e  i n c i d e n t  r a d i a t i o n  w i l l  change when y-quanta are s c a t t e r e d  

by free e l e c t r o n s  ( t h e  Compton e f f e c t ) .  

be descr ibed  by t h e  Klein-Nishina-Tamm formula C2l. 

The c r o s s  s e c t i o n  of t h i s  process  can 

2 
The angular  d i s t r i b u t i o n  is i n  t h e  form (Q = kc/mec B 1 )  

d 4  4 cos e, - - - if % Qsin28,>> 1, cp si114 e, ' 
9, 

rea dQ 
where 

8, 
is angle  of emission of t h e  e lec t ron .  

The h igher  t h e  energy, t h e  greater t h e  angular d i s t r i b u t i o n .  The p r o b a b i l i t y  of 

t h e  s c a t t e r i n g  of a y-quantum as a funct ion  of t h e  energy is given by t h e  ex- 

press ion  

l )  
W = = r r : -  1 ( l n 2 Q f 3 -  , Q > I .  

0 

/126 - e. P a i r  formation. A photon w i l l  produce a e+ e' p a i r  i n  t h e  e l e c t r o -  

magnetic f i e l d  of t h e  nucleus. For y-quanta wi th  E > 50 M e V ,  t h e  p a i r  production 

c r o s s  s e c t i o n  is i n  t h e  form 
Y 

27 
28 ZS 

137 1 9  
r,24-h(183Z-''a) - - Q=- 

( t o t a l  sh i e ld ing ,  extreme r e l a t i v i s t i c  case) .  The a t t e n u a t i o n  i n  t h e  beam o f  

photons a t t r i b u t a b l e  t o  t h e  p a i r  formation conforms t o  t h e  r a t i o  &/n = -ax/co, 
from whence 

-%IC0 n = nOe 
where 

(Co is t h e  conversion l eng th ) .  

Comparing Eqs. (9) and (101, w e  ob ta in  
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9 
7 

c, % - x,. 

1.6 

1.31 

1,7 

2.8 

4.65 

(11) 

1.23 1.1 

1,33 1.66 

1.8 1.97 

3.22 3.45 

5,43 5.92 

The empir ica l  energy dependence C has  t h e  form [3]  0 

Co = 5.2 (1 + 13E-0J7=), 
I 

where 

CC,] = C c m l ;  [E 3 = [MeV]. 
Y 

1.1 1,1 

1.66 1.68 

2.2 2.24 

3.8 3.9 

6.45 6.6 

(12) 

1,12 

1.73 

2.36 

4.0 

6,84 

f .  Tota l  absorption. The t o t a l  e f f e c t  of t h e  absorp t ion  of y-quanta i n  a 

substance is t h e  sum of t h e  processes  reviewed, and can be expressed by t h e  ex- 

H 
C 

F 
Cl 

Br 

ponent ia l  l a w  
--P (hv) x 

N ( x ) =  N ( 0 )  e 

2 Table 3 l ists  t h e  va lues  f o r  

i n t o  cons idera t ion .  

(g/cm ) without t ak ing  t h e  p h o t o e l e c t r i c  effect 

3.18 

1.92 

2.08 

2.56 

3,38 

TABLE 3 
- . . -  

Energy, MeV ~ 

Components 

I 
40 1 100 1 2b 

V 
2. Methods Used To Measure Ee and E 

1.12 

1.73 

2.37 

4.0 

6.85 

y-quanta can be  recorded i n  photo- or Compton-electrons, and i n  e l ec t ron -  

pos i t ron  pa i r s .  E can be  eva lua ted  i n  terms of t h e  apex angle  f o r  t h e  p a i r ,  Y 
s C41: 

Here v ( E t / E  

of t h e  energy df t h e  quantum between t h e  components of t h e  pa i r .  

found by measuring t h e  re la t ive s c a t t e r i n g  of e' and e- C.51, a s  w e l l  as by mea- 

su r ing  t h e  i o n i z a t i o n  d e n s i t y  over  t h e  sec t ion  where t h e  components o f  t h e  a i r  

do not s p l i t  [61. These methods can be used when working wi th  photoemulsions. 

1 is a func t ion  t h a t  is only s l i g h t l y  dependent on t h e  d i s t r i b u t i o n  
Y 

E can a l s o  be 
Y 



If t h e  energy of t h e  e l e c t r o n  d d  of  t h e  pos i t ron  of a' conversion p a i r ,  E 

E , is measured, t h e  energy of  t h e  y-quantum w i l l  be  found as E 

2m c . e 

arid + 
= E+ + E -+ - Y - 

2 

Finding t h e  e l e c t r o n  energy is a complex problem. F i r s t  o f  a l l ,  t h e  

chamber medium is needed as the  measurement means, y e t  so far as t h e  e l e c t r o n  

is concerned, t h e  medium makes it very d i f f i c u l t  t o  so lve  the  p a r t i c l e  motion 

problem. This  is so because the  e r r o r s  a t t r i b u t a b l e  t o  s c a t t e r i n g ,  i on iza t ion ,  

and r a d i a t i o n  o f t e n  are l a r g e  compared with measurement e r ro r s .  Losses of  

energy t o  ion iza t ion  of  t h e  medium, t o  r ad ia t ion ,  and t o  Coulomb s c a t t e r i n g ,  

r e s u l t  i n  t h e  e l e c t r o n  t r a j e c t o r y  i n  t h e  medium no longer being an i d e a l  

he l i co id  when a magnetic f i e l d  is present .  These f a c t o r s  must be taken i n t o  

considerat ion,  therefore ,  i n  o rde r  t o  inc rease  t h e  accuracy with which t h e  

kinematic  parameters of  t r a c k s  are measured. 

The energy of an e l e c t r o n  can be found with r e spec t  t o  the  m e a n  free path 

i f  rough approximations are desired.  The mean free path of  t h e  e l e c t r o n  gener- 

a l l y  is not  f ixed  p rec i se ly ,  bu t  one can ob ta in  t h e  mean free path,  r, of  t h e  

e l ec t ron ,  arld its root-mean-qquare devia t ion ,  s,  i n  terms o f  the  o r i g i n a l  en- 

ergy [ 71 through 
r=lg(Eo,+ 1); - 1 - - r " 9 .  ( 6 )  

Mult iple  s c a t t e r i n g  [ 8 ] ,  because of t h e  c o r r e l a t i o n s  between t h e  ind iv idua l  

s e c t i o n s  of t h e  t r ack ,  r e s u l t s  i n  a t r a c k  shape t h a t  is c l o s e s t  t o  a c i r c l e  with 

r ad ius  R . W e  can write t h e  following approximation f o r  a p ro jec t ion  on a plane 

i n  which t h e  t r a c k  l i e s  
m 

R m  = I/ < 8, >; 

H e r e  < e > is the  root-mean-square a n g l e  between t h e  i n i t i a l  d i r e c t i o n  of t h e  

t r a c k  and a tangent  t o  t h e  end of  t he  track wi th  length  1 f o r  an e l e c t r o n  wi th  

momentum p i n  a medium with r a d i a t i o n  length  X Elec t ron  energy t h u s  can be 

evaluated i n  terms of  mul t ip le  s c a t t e r i n g .  

L128 m 

0' 

If t h e  bubble chamber is opera t ing  i n  a magnetic f i e l d  ( B ) ,  it is convenient 

t o  f i n d  t h e  energy and the  momentum i n  terms of  curva ture  of  t h e  t r a j e c t o r y ,  R 
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Prec i s ion  methods f o r  processing e l e c t r o n  tracks, tak ing .  t h e  effect of  t h e  

medium i n t o  cons idera t ion ,  have been developed i n  r ecen t  years .  The develop- 

ment of  t h e  methodology is proceeding i n  t h r e e  d i r ec t ions .  

1. Methods i n  which heavy p a r t i c l e  formulas are used. Radiat ion effects, 

ion iza t ion ,  and s c a t t e r i n g  are included i n  t h e  momentum e r r o r .  I n  t h i s  type  of  

procedure, t h e  t r a c k  l eng th  must be f a i r l y  s h o r t  t o  f i n d  kinematic  parameters 

with high p rec i s ion  ( t h e  Behr-Mittner method). 

2 r  Methods, t h e  development of  which takes i n t o  cons idera t ion  (as a re- 

f l e c t i o n  of r e a l i t y )  t h e  fact t h a t  e l e c t r o n  t r a c k s  have s p e c i f i c  anomalies, and 

t h a t  completely new formulas must be  used f o r  them. 

3. Methods using the  conclusions o f  t h e  cascade theory.  

These inc lude  methods used t o  f i n d  t h e  energy of y-qwinta by summing the  

free pa ths  of a l l  e l e c t r o n s  i n  a shower, aS w e l l  as those  which measure E i n  

terms of t h e  number of  p a r t i c l e s  a t  i ts  maximum. 

The Behr-Mittner method. I t  i s  very important t o  take i n t o  cons idera t ion  

energy l o s s e s  a t t r i b u t a b l e  t o  bremsstrahlung when measuring t h e  energy of  e lec-  

t r o n s  i n  heavy-liquid bubble chambers. These l o s s e s  d i f f e r  from l o s s e s  a t t r i b u -  

t a b l e  t o  mul t ip l e  s c a t t e r i n g ,  or t o  i on iza t ion  lo s ses ,  p r imar i ly  because of t h e  

considerable  f l u c t u a t i o n s  t h a t  occur r e l a t i v e  t o  mean magnitudes. 

There i s  t h e  f i n i t e  p r o b a b i l i t y  t h a t n  an e l e c t r o n  can l o s e  a l l  i ts  energy 

as a r e s u l t  of s i n g l e  r ad ia t ion .  

However, it is poss ib le ,  t o  f i n d  s e c t i o n s  of  e l e c t r o n  t r a j e c t o r i e s  over 

which r a d i a t i o n  l o s s e s  are much lower than t h e  t o t a l  energy E and these  can 

be considered simply as a cor rec t ion .  Herein l ies  t h e  essence of t h e  Behr- 

Mit tner  method. The main p a r t  o f  t h e  e l e c t r o n f s  energy is found i n  terms of 

t h e  geometric c h a r a c t e r i s t i c s  of t h e  t r ack ,  i n  terms of  t h e  r ad ius  of curvature  

of t h e  sec t ion  of t he  t r a j e c t o r y  (o f  length  L ) ,  used for t h e  measurement, f o r  

example. But, n a t u r a l l y ,  it is necessary t o  d i sca rd  t h e  case when t h e  percentage 

of energy c a r r i e d  o f f  by a s i n g l e  photon of emission over length  L exceeds t h e  

value hv maJEo, s p e c i f i e d  i n  advance on predetermined physical  bases.  

0' 

Ll29 

This  
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inc ludes  t h e  cu to f f  f o r  t h e  spectrum of  r a d i a t i o n  lo s ses .  

The computations f o r  mean r a d i a t i o n  l o s s e s  are based on t h e  fol lowing 

assumptions: s c a t t e r i n g  is s l i g h t ,  so s l i g h t  t h a t  t h e  t r a j e c t o r i e s  a l l  l i e  i n  

one plane;  t h e r e  are no i o n i z a t i o n  lo s ses .  

Let f be t h e  d e f l e c t i o n  of  t h e  e l e c t r o n  0 
t r a j e c t o r y  over length  L i n  a vacuum (no 

l o s s e s ) ;  f t h e  d e f l e c t i o n  of t h e  real tra- 

j e c t o r y ;  and 8 and 8 t h e  angles  of  r o t a t i o n ,  

r e spec t ive ly  (Figure 2). Then 
0 

L 
(13 

Figure 2. Track o f  a p a r t i c l e  
i n  a magnetic f i e l d  i n  a vacuum 
( c i r c l e )  and i n  m a t t e r  ( s p i r a l ) .  , 0 

where 

po, p are t h e  momenta corresponding t o  f and f .  
0 

Since L 

Eo/E(I) =po/p(f)  = e y ,  then LJ - LJ e y ( 0 d l .  L 
0 

Spectrum cu to f f  can be  expressed mathematically by t h e  i n e q u a l i t y  
p (I + dl )  > D ( I )  e y o  ( I  < L) 

There should be a length  L f o r  each y For l ength  L + dL w e  have 0' 

U L + d L  = ~ L + dL + ( 1  - f ) U L ] ,  
0 

< u L + d L > = < e Y ( d L ) >  

In  p r e c i s e l y  t h e  s a m e  w a y  

By d e f i n i t i o n  

dY 
y e ( n - l )  y Y b d L -  1 '  

p e-y y b d l - - l  ,jy 

< e n r ( d L ) >  = 0 
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We w r i t e  

1 1 1 , 
A I = Y ~ -  ~ ~ o ~ + - - j j - y ~ ~ - ~ 7 4 , -  yo4 + . . - ; 
4 = 2Yo + 9 yoa + - yo5 + . . . ; 1 2 

S.51 

1 
2 

A ,  - 2A, = - yo' + . . . 

Yo OD 

( n - l ) ~  b d L - 1  

0 k-0 0 

If bdL < 1, w e  can w r i t e  

Therefore  

For n = 1; 2 

From E q s .  (14a) through (16) ,  w e  ob ta in  

1 1 
2 3 < UL >2  = - AlbL - j -  1; < U;> = 1 -1 - ( A ,  + A , )  bL. 

By t h e  d e f i n i t i o n  f o r  d i spe r s ion  

1 .  1 
UL 3 6 

02 = < ui> - < U L  >' = - (A ,  - 2Al )  bL = - ye2 bL. 

(17)  

Let u s  in t roduce  t h e  r a d i u s  of curva ture  f o r  t h e  t r a j e c t o r y  R. T h e  following 

can be w r i t t e n  f o r  it 
A R  A l l  '1 I 

U a a < > - <-> = < Ur > - 1 = -AlbL =- yobL- 
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W e  ob ta in  t h e  fol lowing expression f o r  t h e  r a d i a t i v e  co r rec t ion  t o  t h e  

magnitude o f  r ad ius  R 

bLyoR. 1 
2 A Rrad= - 

The root-mean-square e r r o r  is equal t o  

1 
6 

> = < U i  > - < Ui >'= - yO2bL 

and 

Since bL < 1, 

1 
6 

a i  = - bLyo2R2 .  

Now l e t  u s  cons ider  t h e  e r r o r s  a t t r i b u t a b l e  t o  s c a t t e r i n g .  The 

e r r o r  due t o  s c a t t e r i n g  i n  f ind ing  t h e  t r a c k  curva ture  i s  equal t o  

(18) 

(19) 

( 2 0 )  

The t o t a l  e r r o r ,  based on t h e  e r r o r  summation r u l e ,  i s  

a2 = a i  (rad) + a i  (scat); 

( 2 2 )  
a 2 =  -bL.y: I R2+ OO2 E. 

6 3 L -- 
Bremsstrahlung S c a t t e r i n g  

2 2 2 
H e r e  Io = Es / (opt) Xo. This  e r r o r ,  as a func t ion  o f  t h e  length  o f  measurement - /132 

L,  has  a minimum when 

(Figure 3,  dashed cu rve ) ;  L i s  t h e  optimal length  of  t h e  t r ack  and does not  

depend on p a r t i c l e  energy and i s  i n s e n s i t i v e  t o  t h e  working l i q u i d  i n  t h e  

chamber. 

0 Pt  

A method has  thus  been developed f o r  ob ta in ing  t h e  magnitudes of  t h e  optimal 

l eng ths  of t r a c k s  s u i t a b l e  f o r  measuring energy. E r r o r s  a t t r i b u t a b l e  t o  rad ia-  

t i o n  wi th in  t h e  contex t  of t h e  method are s m a l l  on length  L, The fol lowing 

drawbacks i n  t h e  Behr-Mittner method should be  mentioned. 

13 9 



Figure  3. The e r r o r  b / P o  i n  terms 
o f  t h e  measured length  o f  t h e  t r a c k  
[ lo]  ( B  = 1.7 kg; Yo = 1). 

The s o l i d  curves  w e r e  obtained with 
t h e  e r r o r  i n  measuring t h e  de- 
f l e c t 2 & ,  A'f = 0 . 3  mm, taken i n t o  
cons idera t ion .  The dashed curve  is 
t h a t  f o r  Af = 0. The numbers above 
t h e  curves  are t h e  i n i t i a l  ene rg ie s  
o f  t h e  e lec t rons .  

1. Because y is f ixed ,  when group 

measurements are made some of  t h e  t r a c k s  

are not  s u f f i c i e n t l y  cor rec ted ,  while  

o t h e r s  are over-corrected f o r  r a d i a t i o n  

l o s s e s ,  something t h a t  would not  matter 

if t h e  r a d i a t i o n  l o s s  spectrum w a s  symme- 

t r ica l .  I t  is n o t ,  however, and t h e  r e s u l t s  

are s y s t e m a t i c  s h i f t s  i n  t h e  energy value.  

0 

2. Measurement e r r o r s  are not  in-  

cluded i n  t h e  express ion  f o r  L To do 

so would inc rease  L by a f a c t o r  of 1.5 
0 Pt 

t o  2, t h e  condi t ion  t h a t  bL < 1 might not  

be  s a t i s f i e d ,  and i n  such case t h e  Behr- 

Mi t tner  formulas would not  apply. 

op t  

3. The l o s s e s  i n  t h e  s t a t i s t i c s  w i l l  i nc rease  wi th  reduct ion  i n  t h e  cu to f f  

yo must be increased  t o  compensate f o r  t h e s e  l o s s e s ,  but again up t o  threshold .  

a known l i m i t .  

The Behr-Mittner method w a s  explored f u r t h e r  i n  t h e  paper by a Dubna team 

[lo], which suggested a r a d i a t i o n  l o s s  spectrum cu to f f  method based on d i s -  

carding during t h e  measurements *he p a r t  of  t h e  t r a c k  i n  which t h e  summed rad ia-  

t i o n  l o s s e s  exceed the  s p e c i f i e d  cu tof f  t h re sho ld  

- /133 

This  condi t ion  superposes more r i g i d  requirements on t h e  permiss ib le  magnitude 

of r a d i a t i o n  lo s ses ,  and w e  can ob ta in  a formula f o r  c o r r e c t i o n  f a c t o r s  f o r  t h e  

s a m e  y va lues  t h a t  w i l l  have fewer e r r o r s  
0 

L V. 
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Upon i n t e g r a t i o n  with r e spec t  t o  y ( 0  S y 5 yo = m) 

1 - 3 4  - ( '--;-iL ,'I1" 
2 (- 1)" (RYoln+*f,  

[ bL In3 
A i r  (L) - 

Po 

-.- 
If yo i s  f i n i t e ,  by w r i t i n g  r ( b 1 ,  ky = nl n + W 

0 n -0 

- 
rob' (- 1)"y,"+b' G ( I ,  n) = -E 

nl (n + bl)  
0 

n + bl 

(27) 

w e  can ob ta in  

The e r r o r  der iv ing  from Eqs. ( 2 6 )  and (28) when y = 1 is smaller than  e r r o r s  

der iv ing  from t h e  Behr equat ions  when y 

(F igure  4) .  

L134 0 
= 1 and from Eq. (27)  when yo = m 

0 

Figure  4 .  The Ap /p e r r o r s ' i n  t e r m s  
r O  

of measured length  of a t rack .  

1 - according t o  Behr (Eq. (2011 when 
yo = 1; 2 - according t o  Eq. (27) when 

yo = m; 3 - according t o  Eqs. (26) and 

(28) (yo = 1) .  

This  e l imina te s  t h e  d i f f i c u l t y  i n  

t h e  Behr-Mittner methodology a s soc ia t ed  

with l o s s  of s ta t i s t ics .  Future  develop- 

ment of  t h e  Behr methodology w i l l  be along 

t h e  fol lowing l i n e s :  

( a )  one, more e f f e c t i v e ,  t h re sho ld  

cu to f f  value,  yo, w i l l  be compared with 

each e l e c t r o n  t r a c k  on t h e  b a s i s  o f  an 

awareness t h a t  i ts t r a j e c t o r y  is a more 

o r  less smooth curve;  

(b )  a t r a c k  as long as poss ib l e  and 

st i l l  conta in ing  usefu l  information w i l l  

be used f o r  t h e  measurements: 
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( c )  t h e  kinematic  parameters  w i l l  be e s t ab l i shed  f o r  t h e  o r i g i n  of  t h e  

t r a j e c t o r y .  

Herein l i e s  t h e  sense  of t h e  s p i r a l  method. 

The s p i r a l  method. The momentumand angular  parameters  def in ing  t h e  tra- 

j e c t o r y  over  which a p a r t i c l e  w i l l  move i n  a magnetic f i e l d  u s u a l l y  are found 

by minimization of  t h e  sum o f  t h e  squares  of dev ia t ions  by drawing t h e  

approximating curve through t h e  experimental  p o i n t s  o f  t h e  t r a c k  recons t ruc ted  

i n  space from measurements of  t r a c k s  on p i c tu re s .  

The following func t iona l  i s  der ived c 1 1 ,  121 
n 

(2 = c IYi -f(% 4 1 2 ,  
I-1 

where 

f ( a ,  x i )  is  a func t ion  of t h e  random q u a n t i t i e s  a ( a l ,  ..., a m \ ,  e s t ab l i sh -  

ing t h e  kinematic  parameters;  

xi, yi 

E r ro r s  i n  t h e  coord ina tes  a s soc ia t ed  with Coulomb s c a t t e r i n g  are taken i n t o  /135 

are t h e  coord ina te s  o f  t h e  poin t  of  t h e  t rack .  

- 
cons idera t ion  by t h e  in t roduc t ion  i n t o  t h e  func t ion  of  a Coulomb s c a t t e r i n g  

mat r ix  which has  t h e  form 

1 3 -k l j ,  j + l  l j + L  i [ j + L  k 

where 

Xo is t h e  r a d i a t i v e  l eng th ;  

' i j  are t r a j e c t o r y  segment 1 engths. 

The matrix of e r r o r s  i n  coord ina tes ,  i n  which t h e  e r r o r s  i n  t h e  coord ina tes  

a t t r i b u t a b l e  t o  t h e  Coulomb s c a t t e r i n g  are  summed with t h e  e r r o r s  a t t r i b u t a b l e  

t o  inaccuracy i n  measurements and r econs t ruc t ion  of  s p a t i a l  coord ina tes ,  equals  
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where 

‘ik i s  t h e  Kronecker symbol. 

The func t iona l  can then be w r i t t e n  i n  t h e  form 
n 

x2 = r: SG1 (Yr - f h  X3)IYk - f h  4 1 .  
1,k-1 

-1 H e r e  Sik i s  a mat r ix  t h a t  is t h e  inverse  of  t h e  S matrix.  i k  

Let u s  poin t  ou t  t h a t  t h e  func t iona l  cannot be w r i t t e n  i n  t h e  form 

because t h e  e r r o r s  i n  t h e  coord ina tes  a t t r i b u t a b l e  t o  t h e  Coulomb s c a t t e r i n g  are 

not  independent j O2 ( m e a s )  and o2 ( s c a t )  are s tandard  dev ia t ions  of t h e  coordinates .  

(30) y i e l d s  t h e  elements of  t h e  matr ix  of e r r o r s ,  with Sii = ai, but  i ts non- 

diagonal elements represent  t h e  c o r r e l a t i o n  of e r r o r s  a t t r i b u t a b l e  t o  t h e  Coulomb 

s c a t t e r i n g  a t  var ious  po in t s  along t h e  t r ack .  

duce t o  a so lu t ion  f o r  t h e  systems of equat ions 

2 i i 

Minimization of Eq. (31) w i l l  re- 

V I  Gikha(, = Y,(k = 1 ,  2, . . . m). 

H e r e  

where 
(”-’) found i n  t h e  (v - 1 1 t h  “k A t )  are t h e  c o r r e c t i o n s  f o r  t h e  va lues  

approximat ion. 

If f ( a ,  x )  i s  l i n e a r l y  r e l a t e d  t o  a, t h e  s o l u t i o n  can be found a t  once i n  

t h e  zero approximation. 

equal t o  

The m a t r i x  of  e r r o r s  i n  t h e  parameters a (a, .., a,,,\ is 
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2 -  aik== Aapa, = (76'. ( 3 3  1 

Bremsstrahlung l e a d s  t o  a reduct ion  i n  p a r t i c l e  energy and is s t rong  i n  t h e  fo r -  

ward d i r ec t ion .  The set o f  conjugate  arcs of circles,  t h a t  is, a smooth curve,  

t h e r e f o r e  i s  s u f f i c i e n t l y  accu ra t e  when t h e  e r r o r s  made i n  t h e  measurements and 

i n  t h e  s c a t t e r i n g  of  t h e  e l e c t r o n  t r a j e c t o r y  i n  a magnetic f i e l d  are disregarded.  

This  means w e  can select t h a t  a n a l y t i c a l  func t ion  t h a t  w i l l  s u f f i c i e n t l y  well  

desc r ibe  t h e  e n t i r e  family of  such smooth curves,  and t h e  va lue  of t h e  curva ture  

o f  t h i s  func t ion  a t  t h e  first poin t  on t h e  t r a c k  w i l l  f i x  t h e  unknown, i n i t i a l  

value of  e l e c t r o n  t r a c k  curvature .  In  p r a c t i c e ,  when drawing t h e  approximating 

curve with va r i ab le  r a d i i  of curva ture ,  each point  on t h e  t r a c k  must be assigned 

an erm'r b6,kause o f  t h e  e r r o r s  a t t r i b u t a b l e  t o  t h e  measurements and t o  t h e  

Coulomb sca t t e r ing .  

Now l e t  u s  proceed t o  a q u a n t i t a t i v e  cons idera t ion  of  €he method of s p i r a l s  

[l], which involves  t h e  deformation of a c i r c l e  i n t o  a s p i r a l  because of energy 

l o s s e s  t h a t  occur during c o l l i s i o n s  and r ad ia t ion .  

Deformation of a c i r c l e  a t t r i b u t a b l e  t o  ion iza t ion .  A t  high energ ies ,  B 1, 
~ ~ ~ 

.~ 

so t h e  mean l o s s e s  per  u n i t  l eng th  are cons tan t ,  and equal k. The change i n  mo- 

mentum over length  dx w i l l  be  

Ap ( X  + d x )  =*- kdx, 
where 

pc = 0.3 BR (Cpl = CMeV/cl; [B] = Ckgl; CRI  = Ccml); 

A R ( x  + d x )  = - k'dx;  
k' = k/0.3B; 

R ( x  + d x )  = R ( x )  + A R ( x  -?- d x ) ;  

Considering 

During t h i s  

t h a t  k '  (dx/R(x)) < 1, we obta in  

t ime t h e  tangent  w i l l  r o t a t e  through t h e  angle  
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x+dx 

-- I Ae(dx)  = [ R ( z  t dz )  R ( i )  

The la te ra l  displacement ( t h e  d i s t ance  between a point  on t h e  c i r c l e  and t h e  

corresponding point  on the  deformed curve)  (Figure 5) w i l l  be 

*rX+& C i r c l e  

\ 

Figure  5. Def lec t ion  of  p a r t i c l e  Figure 6. Def lec t ion  of p a r t i c l e  
t r a c k  from a c i r c l e  when i o n i z a t i o n  t r a c k  from a c i r c l e  when r a d i a t i o n  
l o s s e s  are taken i n t o  cons idera t ion .  l o s s e s  a r e  taken i n t o  cons idera t ion .  

Deformation of  a c i r c l e  a t t r i b u t a b l e  t o  r ad ia t ion .  Find t h e  mean e l e c t r o n  - ~ ~- - -  . _ _  
t r a j e c t o r y  f o r  spec i f i ed  i n i t i a l  curva ture  1 / R  t ak ing  it  t h a t  y = cons tan t  

over  t h e  e n t i r e  t r a j e c t o r y ;  8 ( x )  i s  t h e  angle  of r o t a t i o n  of t h e  tangent  t o  

t h e  c i r c l e ;  e ( x )  i s  t h e  angle  of r o t a t i o n  of  t h e  tangent  t o  t h e  deformed curve7  

nQ(x) = @,(x) - e ( x ) ;  Ro, R ( s ) ,  po, p ( s )  are r a d i i  and momenta a t  t h e  i n i t i a l  

po in t  and a t  a point  l y ing  a t  d i s t ance  s from t h e  i n i t i a l  point  (F igure  6) .  The 

0' 0 

0 

l a t e r a l  displacement of t h e  t r a j e c t o r y  can be w r i t t e n  i n  t h e  form 

A 0 ( x )  = S - A B  (ds) ds = J I G  1 - -1 1 ds. 
Ro 

0 0 



Since  

then  

Let x .  x .  be two p o i n t s  on t h e  arc of t h e  c i r c l e ,  and l e t  c and E be t h e  

corresponding displacements (see Figure  6 ) .  

R = R(x . ) .  

j i J ’  1 
L e t  u s  des igna te  R .  = R(xi) ,  

W e  have t h e  following r e l a t i o n s h i p  f o r  t h e  c i  displacement 
j J 

E. S E: + E L  -/- E?. 1 1  

H e r e  i s  t h e  displacement a t t r i b u t a b l e  t o  t h e  r o t a t i o n  o f  t h e  tangent  t o  

t h e  c i r c l e  a t  p o i n t s  x = x and x = x . i 
= x  - x .  w e  ob ta in  Pu t t ing  xj i  

i J ’  0 
I 1  

= x Aej ,  i n  which i s  t h e  displacement a t t r i b u t a b l e  t o  t h e  r a d i a t i o n  along i j  i 
Ill 

‘ I  y ( x j )  x ( E .  = E e Y ( x j ) ) ;  and 6 i s  a c o r r e c t i o n  f a c t o r  re- t h e  path x i j ;  c i = e  j i  J 0 i 

qu i r ed  because E must be equated t o  t h e  c i r c l e  with r a d i u s  R and not t o  t h e  

c i r c l e  with r a d i u s  R. 
J 

i 0’ 

can t h e r e f o r e  be w r i t t e n  i n  t h e  form 
“i  

X3. 

2% 
~i = E] + xj i  AOj + ey (%j)xji + -2- (e y (xi)  - 1). (38) 

Eqs. (37) and (38) provide t h e  information needed t o  c o n s t r u c t  t h e  mean e l e c t r o n  

t r a j e c t o r y .  

I n  t h e  case of f i x e d  y and a f te r  t h e  i n t e g r a t i o n  of Eq. (371, w e  ob ta in  
0’ 

t h a t  is  

1 
A , b x - 1  

{ e(A,bx)2 A I b X  2 
- - 

Ro 
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Writing Eq. (37)  i n  t h e  form of a series 

where 

Yj = y(x.1, 
J 

w e  have 

n + l - i  

A0(x)  = - 

Using t h i s  equation, and Eqs. (16) and (171, w e  ob ta in  

A, bx < (A0 (x))’ > = - 1 -1 - 
RO’ La ( (A, ; l )bx  ( e A 2 b x 1  

Ai bx Ai bx  
- 

S i m i l a r l y  

A , b r  - e - 1  - 
(A1 bx’) 

1 
< E “ ( x ) >  =- 

A,bx 

- ( e(A,br) . l  

(41 

- eA1bx ( 1 

(A,  - A , )  bx ( 4 4 )  



A, bx 
e - 1  

+ 

(AI bxP -f 
(A, -A,) bx 

eA1br-l Ai bx I) 1 +-- 
Aibx 

Assuming t h a t  bL < 1, Eqs. (39)  through (45) y i e l d  

A,bx; x, A,bx; <E(X)> = < (4 > - - x 
2 Roo 

x' < (he (x))' > = - (A2 - 2Al) bx; 

P 
3Roa 

(A,  - 2Al)bX, < E2(X) > = ~ 

20Rd 

and w e  have, f o r  N equa l ly  spaced po in t s  along t h e  t r a c k  

Ai b X ;  1 N ( N + 1 )  
2 N' Ro 

< A e ( x )  > = - 

1 N ( N + l ) ( N + 2 )  xa 

N3 Ro 
- Albx; < . ( x ) > =  7 

< (Ae (x))2 > = - "(N+ + ') E ( A l  - 2A,)bx; 
6 N3 Rd 

1 N ( N  + 1 )  (3N3 + 12Nz'+ 13N + 2) x4 

60 - (A2 - 
N6 Ro' 

< E 2 ( 4  > - - 
- 2Al) bx. 

(45 1 

(46) 

(47 1 

The next s t e p  i s  t h e  s e l e c t i o n  of y T e s t  t r a c k s  wi th  var ious  y are con- 0' 0 
s t r u c t e d ,  and t h e  na tu ra l  t r a c k  is used f o r  c a l i b r a t i o n .  The n a t u r a l  s p i r a l  

t h a t  most c l o s e l y  approaches t h e  measured s p i r a l  f o r  t h e  p o i n t s  must be s e l e c t e d  

from among t h e  va r ious  s p i r a l s  computed f o r  y = yo, yg, ... The i n i t i a l  moment- 
1 2  

0 
approximation can be  t h a t  obtained without cons idera t ion  of  t h e  e f f e c t s  of  L.241 

c o l l i s i o n  and r a d i a t i o n ,  o r ,  and t h i s  i s  b e t t e r ,  t h a t  obtained through t h e  use  of  

t h e  Behr-Mittern method. 

If t h e  x2 t h a t  r e s u l t s  from t h e  i t e r a t i o n  i s  not  good enough, t h i s  means t h a t  

a hard quantum had been emitted.  

t i v e  y value ( s u i t a b l e  f o r  t h e  case of t h e  emission of  s eve ra l  s o f t  quanta)  i s  

then  discarded. Now p o i n t s  on t h e  t r ack ,  beginning wi th  t h e  l a s t ,  w i l l  be d i s -  

The assumption of  t h e  ex i s t ence  of some ef fec-  

0 
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ki 
i 
B 

carded i n  succession u n t i l  co inc i  

achieved. 

Brice between tes t  and experimental  t ack is 

I n t e g r a l  pa th  method. The success ive  r e p e t i t i o n  of t h e  processes  in-  

volved i n  t h e  r a d i a t i o n  dece le ra t ion  of  e l e c t r o n s  and i n  p a i r  production whi le  

conserving bremsstrahlung quanta r e s u l t s  i n  t h e  formation of  an electron-photon 

ava lanche , .o r  a shower (see Figure  1 ) .  

of e s t ab l i sh ing  y-quanta energy from t h e  i n t e g r a l  pa th  f o r  a l l  e l e c t r o n s  and 

pos i t rons  i n  t h e  shower 

Reference [41 reviews t h e  f e a s i b i l i t y  

dE -g=(-z)io:(-3rad- dx 

The energy of a quantum can then  be found through t h e  expression 

ET = KR, -k 2nm,c2, 

where 

n is  t h e  number of  e l e c t r o n  p a i r s  i n  t h e  shower. 

(48 1 

The pahh 

75 M e V  has  been obtained (Figure 7) .  
ene rg ie s  of from 20 t o  1000 M e V  has  been reviewed i n  [131. The measurements 

i n  xenon of an ind iv idua l  e l ec t ron  i n  t e r m s  of i ts  energy between 0 and 

The f e a s i b i l i t y  of using t h i s  method f o r  

0 50 IUO R;mm 

w e r e  made on a p ro jec t ion  of t h e  photograph. The 

sum of  t h e  pa ths  of a l l  e l e c t r o n s  i n  t h e  chamber 

w a s  computed using t h e  formula 

R Z r  E R =  - 
cos+ 

(49 1 

where 

r i s  t h e  length  of  a t r a c k  on t h e  p ro jec t ion ;  

k i s  t h e  magnif icat ion f a c t o r ;  - 
Figure 7. Mean free pa th  o f  
an e l e c t r o n  i n  xenon i n  JI i s  t h e  angle  between t h e  d i r e c t i o n  i n  which 
t e r m s  of energy. 

Dashed curve - computed. 
So l id  curve - experiment. 

t h e  photon i s  moving and t h e  plane i n  which 

t h e  photography w a s  taken..  

+ 
Measurements w e r e  c a l i b r a t e d  wi th  r e spec t  t o  t h e  pos i t rons  of  a n+ + p' + e 

-decay. 

expected energy provided t h e  fol lowing f o r  t h e  c o e f f i c i e n t  

A comparison between t h e  mean free pa th  o f  t h e  p o s i t r o n s  and t h e  mean 
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The t h e o r e t i c a l  pos i t ron  spectrum w a s  deformed assuming t h a t  var ious  e r r o r s  w e r e  

made i n  measuring pos i t ron  ene rg ie s  and then compared wi th  t h e  experimental  

spectrum. The bes t  concordance w a s  es t imated t o  have taken  p lace  f o r  t h e  x 
c r i t e r i o n  (F igure  8 ) .  

2 

There are a number of  cases o f  p a r t i a l  

shower development; some of t h e  energy escapes 

from t h e  chamber. Shower development length  i s  

t h e  d i s t ance  between t h e  quantum conversion 

poin t  and t h e  chamber w a l l  i n  t h e  d i r e c t i o n  of  

y-quantum f l i g h t .  The summed length  of t h e  

pakh i n  terms o f  t h e  shower development length  

w a s  determined i n  o rde r  t o  e s t ima te  how much of  BO~t,MeV 0 40 

Figure  8. The energy spectrum, t h e  energy l eaves  t h e  chamber. The shower 

e+, as  a r e s u l t  o f  rr+ -+ p+ -+ e+ development length  appl ied  t o  showers t h a t  
-decays. developed i n  whole, o r  i n  p a r t ,  i n  t h e  chamber. 

Each shower w a s  a r t i f i c i a l l y  c u t  o f f  a t  d i f f e r e n t  development l eng ths ,  d. 

CR = f (d )  r e l a t i o n s h i p s  w e r e  ob ta ined  f o r  cons tan t  y-quanta energies .  

[14] took a somewhat d i f f e r e n t  approach t o  t h i s  problem. H e r e  it w a s  assumed 

t h a t  t h e  c o e f f i c i e n t  K i n  Eq. 

t i o n s h i p  w a s  used. 

Reference 

(48) w a s  not a cons t an t ,  and t h e  following rela- 

T =  T b q  1, (50) 

/I43 where T is  t h e  t o t a l  mean free path.  - 

This  can be obtained empi r i ca l ly  by making t h e  measurements with beams of  e l e c t r o n s  

wi th  d i f f e r e n t  energies .  The mean e l ec t ron  pa th  i n  a beam of  e l e c t r o n s  with a 

momentum o f  some 600 MeV/c  w a s  measured and compared with t h e  computed path,  

a r r i v e d  a t  through t h e  u s e  of  t h e  Monte Carlo method; R = 131 cm f o r  a ha l f -  

width d i s t r i b u t i o n  o f  some 15%, and = 128 c m .  

- 
exp 

com 

The Monte Carlo method w a s  used t o  c r e a t e  i m a g e  e l e c t r o n  showers under 

cond i t ions  approaching experimental  condi t ions  f o r  o t h e r  energ ies .  The concor- 



I 

I 

dance between t h e  experiment and t h e  Monte Carlo method computation w a s  adequate 

f o r  f ind ing  t h e  " t o t a l  path - energy" r a t i o .  The advantage i n  measuring t h e  

energy of e l e c t r o n s  and y-quanta i n  t e r m s  of t h e  t o t a l  

o f  measuring p r a c t i c a l l y  a l l  events .  

pa th  i s  t h e  p o s s i b i l i t y  

The following have an effect  on t h e  accuracy with which t h e  energy of a 

y-quantum is es t ab l i shed  from t h e  E = f (R,  d )  curve [151: 
Y 

( a )  f l u c t u a t i o n s  i n  t h a t  percentage of t h e  y-quantum energy l o s t  i n  t h e  

form of i on iza t ion  over  t h e  observed development length ,  d,  and which are 

pr imar i ly  assoc ia ted  wi th  f l u c t u a t i o n s  i n  t h e  long i tud ina l  development of t h e  

shower. I t  should be emphasized t h a t  t h e r e  i s  no ambiguity i n  R when showers 

are not cu t  o f f ,  so t h e r e  are no e r r o r s  of  t h e  type  ind ica t ed ;  

(b )  e r r o r s  i n  measuring t h e  p ro jec t ions  of t h e  i n t e g r a l  l eng ths  of pa ths  

with a curvometer i n  t h e  plane of t h e  photography; 

( c )  ambiguity i n  t h e  minimum leng ths  of avalanche e l ec t ron  and pos i t ron  

t r acks .  

+ 
I t  has  been e s t ab l i shed  experimental ly  t h a t  rmin does not depend on y-quanta 

energy, so t h e  unobserved percentage o f  t h e  y-quantum energy i n  a shower t h a t  i s  

not  c u t  o f f  i s  p r a c t i c a l l y  i d e n t i c a l  f o r  a l l  E with t h e  r e s u l t  t h a t  t h e  e r r o r ,  

AE a t t r i b u t a b l e  t o  t h e  ambiguity i n  r i s  equal t o  about 6%. The e r r o r  

assoc ia ted  with f l u c t u a t i o n s  i n  t h e  longi tudina l  development of a cu to f f  shower 

w a s  e s t ab l i shed  experimental ly  by measuring C r  a t  var ious  lengths ,  d, i n  t h e  

case  of  a r t i f i c i a l  cu to f f  of  showers with i d e n t i c a l  pa th  l eng ths  R. This  e r r o r  

decreases  with inc rease  i n  d. 

Y' 
Y '  min 

i 

Measurement o f  energy E i n  terms of t h e  number of p a r t i c l e s  i n  t h e  shower 
Y 

maximum. Reference [ 4 ]  i s  devoted t o  methods t h a t  can be  used t o  measure t h e  

energy of y-quanta i n  a heavy-liquid bubble chamber and proved t h a t  it i s  poss ib l e  

t o  f i n d  energ ies  E 2 2 G e V  by using t h e  c h a r a c t e r i s t i c s  of  t h e  development of  

photon-electron showers, t h a t  is, using t h e  number of  p a r t i c l e s  a t  t h e  shower 

maximum, N and t h e  p o s i t i o n  of  t h e  maximum f o r  t h e  p a r t i c l e s ,  

cording t o  t h e  cascade theo ry  

Y 

ac - tmax' m a x '  

tmax- kl (E /@)  (EIP); (51) 



J 

(B i s  t h e  boundary energy).  Reference [I61 con ta ins  /I44 
t h e  r e s u l t s  o f  t h e  development o f  t h i s  method f o r  a 

xenon bubble chamber. Only those  e l e c t r o n s  with 

can be ene rg ie s  greater than  some minimum, 

Q 

"ax - f 
H 
i[ 
9. 20 

30w lo* min 

Emin 3 

5 * b G e V  de t ec t ed  i n  t h e  shower. The va lue  E = 3.5 M e V  

140 5.75+ ,:60 

3.65& 1;; 
3.65-cjI5 125 

Figure  9. Number of  
p a r t i c l e s  a t  t h e  shower 
maximum in terms of the 
y-quantum energy. puted using t h e  cascade theory.  Processing t h e  ex- 

per imental  da t a  by using Eq. (51) reduces t o  computing t h e  E 

(Figure 9 ) .  
t h e  number of  e l ec t rons ,  and f l u c t u a t i o n s  i n  t h e  number o f  e l e c t r o n s  i n  t h e  

shower. i n  t h e  no -b 2y decay 

w a s  found w a s  accomplished i n  a xenon bubble chamber [16]. The r e s u l t s  are 

l i s t e d  i n  Table 4. 

w a s  e s t ab l i shed  by comparing t h e  experimental  m e a n  

free pa th  d i s t r i b u t i o n  of t h e  e l e c t r o n s  with t h a t  com- 

- - f(Nmax) curve 
Y 

Sources of  e r r o r s  i n  f ind ing  E are t h e  inaccurac i e s  i n  computing 
Y 

Ver i f i ca t ion  of  t h e  co r rec tness  with which E 
Y 

3.0020.86 

6.50 f 1.60 

. 

5.98+- 1.16 

3.72k 1.1 0 

3.22 -e 0.79 

. 

I .60 
4*40* 1,40 

170 6.30+ i.30 

I n  conclusion, w e  are inc luding  a summary t a b l e  of t h e  experimental  r e s u l t s  

ob ta ined  during measurements made of  t h e  ene rg ie s  of  e l e c t r o n s  and y-quanta i n  

bubble chambers (Table 5). The v a l i d i t y  of  t h e  methods used t o  measure t h e  

ene rg ie s  of  y-quanta and e l e c t r o n s  i n  t h e i r  corresponding energy ranges w a s  

v e r i f i e d  i n  t h e  course of  recons t ruc t ing  t h e  masses of p a r t i c l e s  t h a t ,  i n  t h e  

f i n a l  a n a l y s i s ,  decay i n t o  y-quanta and e l ec t rons :  
0 0 

I-I , To, K2. 



TABLE 5 

Measurement 
Method 

Chamber Refer- 
Charge Lnce 

1 spirals  -- 
T 1- +- nuclei 1%. 1 rt2.3 50 13 15 Behr-Mittner 

method I 2.8 GeV/c 
-- -_ 

I Method of 
spirals  
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DEVELOPMENT OF A METHOD FOR STUDYING ELECTRON TRACKS 
IN BUBBLE CHAMBERS WITH A HEAVY LIQUID 
AND STRONG PULSE MAGNETIC FIELDS 

V. K. M a a r t i n ,  N. N. Mukhin, A. S. Romantseva, 
I. A. Svetlolobov, M. M. Sulkovskaya, 

S. A. Chuyeva, R. S. Shlyapnikov. 

AEFTRACT. A method f o r  studying e l e c t r o n  t r a c k s  i n  a 
xenon bubble chamber t h a t  is s i m i l a r  t o  t h a t  developed 
earlier f o r  studying heavy, charged p a r t i c l e s ,  and based 
on measuring t h e  area o f  a segment over a s h o r t ,  i n i t i a l  
s ec t ion  o f  th'e t r a c k ,  is described. 

Approximate a n a l y s i s  methods, developed f o r  use wi th  t r a c k s  t h a t  have s m a l l  - /147 
and cons tan t  curva tures ,  u s u a l l y  a r e  used t o  i n t e r p r e t  t h e  t r a c k s  made by charged 

p a r t i c l e s  i n  bubble chambers f i l l e d  with a l i g h t  ma te r i a l  and i n  those  wi th  weak 

magnetic f i e l d s .  Thepe methods are not s u i t a b l e  f o r  i n t e r p r e t i n g  t h e  t r a c k s  of 

p a r t i c l e s  recorded i n  chambers wi th  a heavy l i q u i d  and s t rong  magnetic f i e l d s .  

Our l abora to ry  is now i n  t h e  process  of completing t h e  bui ld ing  of a xenon 

bubble chamber 22 c m  i n  diameter  wi th  an impulse magnetic f i e l d  as s t rong  as 

70,000 oers teds .  Tracks made by charged p a r t i c l e s  i n  t h i s  chamber should have 

l a r g e  and v a r i a b l e  curva tures .  This  w a s  t h e  b a s i s  f o r  undertaking t o  develop a 

convenient and un ive r sa l  method f o r  analyzing t r a c k s  of any curva ture ,  a method 

which w e  have chosen t o  c a l l  t h e  area method. The b a s i s  of t h e  a rea  method i s  

t h e  u s e  of r e a d i l y  measured i n t e g r a l ,  o r  s emi in t eg ra l ,  c h a r a c t e r i s t i c s  of p a r t i c l e  

tracks ( l eng th  of arc, angle  between t h e  d i r e o t i o n s  of t h e  magnetic f i e l d  and momentum, 

and area of t h e  curved segment i n  t h e  plane of t h e  photograph). 

f o r  analyzing heavy charged p a r t i c l e s  has been described elsewhere [l]. The 

idea  behind t h e  use  of t h i s  method is t o  compare t h e  measured area of t h e  segment 

The a r e a  method 

with its computed va lues  C f o r  d i f f e r e n t  s e c t i o n s  of t h e  path-momentum 

curve. A spec ia l  program ( f o r  a computer) i s  used f o r  t h e  comparison, one t h a t  

9novest' t h e  measured segment o f  t h e  t r a c k  along t h e  path-raons@ntum curve t o  co- 

- - A n  experimental check of t h e  method showed t h a t  it w a s  incidence,  

more accurate than approximate methods, energy l o s s e s  due t o  i o n i z a t i o n  not taken  

i n t o  cons idera t ion .  

m e a s  corn 

'meas %om* 
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This  a r t ic le  has  undertaken t o  extend t h e  area method t o  e l e c t r o n  t r a c k s ,  

/14a - a n a l y s i s  of which r e q u i r e s  a d d i t i o n a l  cons idera t ion  of  energy l o s s e s  due t o  

r a d i a t i o n .  Ar t i f i c i a l  e l e c t r o n  t r a c k s ,  modeled on t h e  b a s i s  of  t h e  Monte Carlo 

method as appl icable  t o  t h e  parameters o f  t h e  chamber t h a t  is under cons t ruc t ion ,  

and t o  t h e  condi t ions  f o r  making measurements with t h e  semiautomatic equipment 

a v a i l a b l e  i n  t h e  l a b o r a t o r y  [2], w e r e  used as t h e  o r i g i n a l  material f o r  develop- 

ment of t h e  method. 

1. The Methodoloav Used t o  Obtain Electron Tracks. 

The e l e c t r o n  tracks w e r e  s e l e c t e d  i n  t h e  energy range be- 

tween 0 and 1000 MeV (more p r e c i s e l y ,  ending a t  t h e  f i r s t  energy value 

i n  e x w s s . o f  lo00 MeV). 

e l e c t r o n  (corresponding t o  zero k i n e t i c  energy) w a s  l o c a t e d  i n  t h e  coordinate  

o r i g i n  and e l e c t r o n  movement w a s  considered i n  a plane normal t o  t h e  d i r e c t i o n  
of t h e  niagnefic f i e l d  (0 = n/2). 15 

r a d i a t i o n  l o s s e s  w e r e  sampled every 0.1 c m  

e n e r g i e s  i n  excess of  1 M e V ) ,  The program f o r  t h e  computation made it  poss ib le  

to d e r i v e  t h e  va lues  of  t h e  X, Y coord ina tes  f o r  any poin t  on t h e  e l e c t r o n  t r a c k ,  

as w e l l  as t h e  momentum p. A s p e c i a l  program was used t o  introduce t h e  

c o r r e c t i o n  f o r  mul t ip le  s c a t t e r i n g .  This  program "turned" t h e  modeled t r a c k  a t  

each computed point  through some angle  0, found through t h e  l a w  of  chance. Sta-  

t i s t i c a l  e r r o r s  A X  and AY, t h e  concre te  va lues  of which t o o  w e r e  found through 

t h e  Monte Carlo method, w e r e  in t roduced t o  t a k e  inaccurac ies  i n  measuring t h e  

der ived coordinates  i n t o  cons idera t ion .  

I n  o r d e r  t o  s impl i fy  t h e  computation, t h e  end of each 

I o n i z a t i o n  losses w e r e  oaIcu la ted  and 

( r a d i a t i o n  l o s s e s  w e r e  computed f o r  

Ioniza t ion  l o s s e s  w e r e  computed through t h e  formula 

+:1 - pz + + ( l  - v-1 - 8 7 )  # 

15. When 0 # =/2 ,  t h e  e l e c t r o n  momentum w i l l  b e  l a r g e r  by a f a c t o r  of 
l / s i n  0. 
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I 
I 1 where 

NZ 

E 

m 

V 

B =  

I 

The 

is t h e  concen t r a t ion  of e l e c t r o n s  i n  t h e  medium; 

is t h e  e l e c t r o n  k i n e t i c  energy; 

is its m a s s ;  

is t h e  v e l o c i t y ;  

v/c ; 

is t h e  mean i o n i z a t i o n  po ten t i a l .  

r a d i a t i o n  losses w e r e  sampled according to the formula 

which y i e lded  t h e  p r o b a b i l i t y  of a predetermined reduct ion  i n  energy af ter  t h e  

passage of an e l e c t r o n  through a l a y e r  w i t h  t h i ckness  t .  

w h e r e  E is t h e  i n i t i a l  energy, E is t h e  f i n a l  energy, and b is a cons tan t  t h a t  

depends on t h e  medium. 

Here y = log(E /E), - /150 0 

0 

w e r e  s u b s t i t u t e d  fo r  purposes of elimin- lb/ t  The v a r i a b l e s  y = (l/t - 1) 
a t i n g  divergehce i n  W (y )  f o r  s m a l l  1 .  The cons tan t  b w a s  va r i ed  according t o  

e l e c t r o n  energy. 

The AX and AY e r r o r e ,  and t h e  multiple s c a t t e r i n g  angle  0, w e r e  sampled 

aomrd ing  t o  t h e  t h e  cos ine  l a w ,  which is i n  good concordance wi th  

t h e  c e n t r a l  p a r t  of a Gaussian d i s t r i b u t i o n .  

e r r o r ,  0, and t h e  root-mean-square angle  o f  mul t ip l e  s c a t t e r i n g ,  02, w e r e  used 

f o r  normalization. 

through t h e  formula 

The va lues  of  t h e  root-mean-square 

The l a t t e r  w a s  computed ( f o r  each po in t  along t h e  t r a c k )  

- 
€I2 = K In [ 1 13. 1O4Z'~~z? A-1 t ] ,  

where 

2 
t is t h e  th i ckness  of  t h e  s c a t t e r i n g  l a y e r ,  g/cm ; 

p and v are t h e  m o m e n t u m  and +he velocity of the s c a t t e r e d  particle 

(CpvI = [MeV]); 

Z and z are t h e  charges  of t h e  s c a t t e r i n g  medium and of  t h e  s c a t t e r e d  

p a r t i c l e ,  r e s p e c t i v e l y  (measured i n  u n i t s  of e l e c t r o n  charge) ; 
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Figure 1.  Distribution o f  the  "ends" o f  430 computed e lectron 
tracks  uncoi l ing from the center o f  an xenon bubble 
chamber with a magnetic f i e l d  of 70,000 oersteds  from 
momentum p = 0 t o  p -  1 G e V / c .  

P, MeVlc 

Figure 2. M o m e n t u m  curves i n  t e r m s  o f  residual range f o r  
e lectron tracks 1 ,  2,  3 ,  4 (see Figure 1 ) .  
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A is t h e  atomic weight of  t h e  medium. 

A l l  computations w e r e  made us ing  an M - 2 0  e l e c t r o n i c  computer. 

F igu res  1 through 3 show some o f  t h e  c h a r a c t e r i s t i c s  of t h e  " t racks"  ob- 

t a ined .  F igure  1 shows t h e  d i s t r i b u t i o n  of t h e  "ends" of t h e  e l e c t r o n  t r a c k s  

unco i l ing  from t h e  c e n t e r  o f  t h e  chamber, and an o v e r a l l  view of seve ra l  t r a c k s  

(1, 2, 3 ,  and 4 )  f o r  some of  t h e  coord ina te s  derived every 0.6 c m .  A s  w i l l  b e  

seen from t h e  diagram, i n  a f i e l d  of  70,000 oer s t eds ,  t h e  e l e c t r o n s  uncoi l  so 

s t rong ly  t h a t  they  usua l ly  remain wi th in  t h e  chamber l i m i t s ,  even a f te r  they  

"gainr1 a momentumof p x  1 G e V / c .  Analysis of  t h e  d i s t r i b u t i o n  of t h e  ends of 

t h e  t r a c k s  through t h e  chamber volume r e v e a l s  t h a t  t h e  percentage of stoppages 

o f  e l e c t r o n s  i n  t h e  chamber i s  80%, and t h i s  is with t h e  e d g e  effect  taken i n t o  

cons ide ra t  ion. 

N 
a 

4L-  L. - 
20 

0 IO 20 R 

Figure  3 .  D i s t r i b u t i o n  of paths of  e l e c t r o n s  wi th  p 5 1 G e V / c .  
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Figure  2 shows t h e  " increase" i n  t h e  momentum for  t h e  f o u r  tracks shown i n  

Figure  1 i n  termis of  t h e  r e s i d u a l  range, as w e l l  as t h e  behavior of t h e  m o m e n t u m  

with range (dashed curve)  i n  t h e  c a s e  of t h e  pure ly  i o n i s a t i o n  mechanism of  

energy losses .  As w i l l  b e  seen f r o m  t h e  f i g u r e ,  t h e r e  are indiv idua l  cases when 

an e l e c t r o n  cah l o s e  almost a l l  of  i ts  energy immediately ( t r a c k  11 ,  o t h e r s  when 

an e l e c t r o n  w i l l  l o s e  i ts  energy i n  comparatively s m a l l  increments,  d e s p i t e  t h e  

fact t h a t  i n  a l l  cases t h e  e l e c t r o n  pa th  is s i g n i f i c a n t l y  s h o r t e r  than t h e  ion- 

i z a t i o n  

G e V / c  i n  xenon is R = 202 c m ) .  

pa th  ( t h e  i o n i z a t i o n  pa th  f o r  an e l e c t r o n  with i n i t i a l  momentum p = 1 

ion  

Figure  3a  is a histogram of t h e  d i s t r i b u t i o n  of p a t h s  of  e l e c t r o n s  with momen- 

tm p 5 1 GeV/c .  The histogram covers  t h e  d i s t a n c e  from R = 1 c m  (3% of t h e  

cases';ith"R S 6 c m )  t o  R = 29 c m  (3% of  t h e  cases with R 2 26 c m ) .  The h ighes t  

probable p r t h  value is  R = 15 c m .  

The i n t e g r a l  c h a r a c t e r i s t i c  used f o r  t h e  d i s t r i b u t i o n  .of e l e c t r o n s  by p a t h s  

w a s  t h e  width of  t h e  r band, containing 2/3rds (67%) of t h e  e l e c t r o n s  with t h e  

smallest devia t ions  of t h e i r  p a t h s  from t h e  most probable value. A s  w i l l  be 

seen from Figure 3a, r = 10 c m ,  and t h e  most probable range value,  

i n  t h e  middle of t h e  band'. 

mehtiun 0.9 G e V / c  S p S l G e V / c  (Figure 3 b ) ,  t h e  maximum w i l l  remain i n  t h e  s a m e  

p lace ,  but  t h e  band w i l l  expand and become nonsymmetrical 

l i e s  Rprob' 
If t h e  histogram i s  cons t ruc ted  f o r  e l e c t r o n s  with mo- 

= 15-5 +7 c m .  
Rprob 

Based on t h e  sense  of  t h e  magnitbdes of  r and R i n t  roduc ea, t h e  t o t  a1 prob 
, with an i n i t i a l  +mentum p = 1 GeV/c  

R t o t  range of  an ind iv idua l  e l e c t r o n ,  

equals  R 

made f o r  i n i t i a l  momenta of 0.5, 0.25, and 0.125 G e V / c ,  w i l l  provide t h e  d is -  

t r i b u t i o n s  shown i n  F igures  3c, d, and e. The c h a r a c t e r i s t i c s  of a l l  four  d i s -  

t r i b u t i o n s  a r e  i i s t e d  i n  Table  1, which conta ins  t h e  most probable values of 

t o t a l  ranges,  

= 15'' cm . ( the  confidence p r o b a b i l i t y  i s  67%). A s i m i l a r  a n a l y s i s i  
t o t  -5 

f o r  monoenergetic e lec t rons .  Rprob' 
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2. Evaluation of E lec t ron  Momentum i n  Terms  of t h e  Magnitude 
o f  t h e  To ta l  Ranae. 

Because t h e  t r a c k s  of e l e c t r o n s  wi th  an i n i t i a l  momentum p 5 1 GeV/c  

u s u a l l y  end wi th in  t h e  chamber volume, it is use fu l  t o  analyze t h e  p o s s i b i l i t y  

of eva lua t ing  e l e c t r o n  momentum i n  terms of  t h e  magnitude of its to ta l  range. 

A comparison of d a t a  l i s t e d  i n  Table 1 r e v e a l s  t h e  m o s t  probable range, R 

is a very  weak func t ion  of t h e  i n i t i a l  momentum ofmonoenerge6ic e l e c t r o n s ,  w i th  

t h e  range s t r a g g l i n g  nea r  t h e  m o s t  probable value extremely g rea t .  What f o l l o w s  

is t h a t  t h e  r eve r se  ope ra t ion  of determining t h e  momentum for monoenergetic 

e l e c t r o n s  i n  t e r m s  o f  t h e  n a t u r e  of t h e  d i s t r i b u t i o n  of  t h e i r  t o t a l  ranges, 

can be c a r r i e d  ou t  wi th  s u f f i c i e n t  accuracy only  wi th  a very great many statist ics.  

TheMmentumda s i n g l e  e l e c t r o n  i n  t e r m s  o f  t h e  magnitude of  i ts t o t a l  range can 

be e s t ab l i shed  on a t e n t a t i v e  b a s i s  only. 

prob ' 

Rtot  , 

. 

cm Rprob ' 

D i s t r i b u t i o n s  of  e l e c t r o n s  with t h e s e  ranges as a func t ion  of t h e  i n i t i a l  mo- 

mentum 
eva lua t ion  of  t.he boundaries o f  t h e  67% confidence i n t e r v a l  i n  which t h e  momentum 

of  an ind iv idua l  e l e c t r o n  wi th  t h e  s p e c i f i e d  t o t a l  range can be included. E l e c -  

t r o n s  with i n i t i a I  mfnentum o f  p < 1 GeV/c (corresponding t o  t h e  experiment 

i n  which t h e  upper l i m i t  o f  t h e  ene rg ie s  of t h e  e l e c t r o n s  forming w a s  1 G e V )  

w e r e  used f o r  t h e  d i s t r i b u t i o n .  The r e s u l t s  of t h e  i n t e r p r e t a t i o n  of  F igu res  

4a through e are l i s t e d  i n  Table 2,  where t h e  most probable va lue  of  t h e  momentum, 

'prob' 
va lues  c i t e d  f o r  t o t a l  range. The momentum pion, corresponding t o  pure ly  ion iza-  

t i o n  l o s s e s ,  w a s  used as  t h e  lower l i m i t  of t h e  p o s s i b l e  momentum f o r  the 

5 and 10 c m  ranges).  

(F igure  4a through e )  w e r e  cons t ruc ted  i n  o r d e r  t o  make a q u a n t i t a t i v e  

l i m i t e d  by t h e  67% confidence i n t e r v a l ,  is  compared with each of  t h e  - /154 

A s  w i l l  be seen from t h e  d i s t r i b u t i o n s  and t a b l e s  cons t ruc t ed ,  t h e  t o t a l  

range (with t h e  exception of  very  small and very l a r g e  va lues)  is a very poor 

c h a r a c t e r i s t i c  of i n i t i a l  e l e c t r o n  m o m e n t u m ,  so t h e  method of  eva lua t ing  
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the-entum i n  termsof t h e  t o t a l  range can be used o n l y  as a supplemental 

method. 

can  provide more accu ra t e  informat ion  about t h e  e l e c t r o n  a o m m t u m .  

Analysis o f  t h e  d i f f e r e n t i a l  c h a r a c t e r i s t i c s  of t h e  e l e c t r o n  t r a c k  

15 

250rt;g 

56 

TABLE 2 

20 25 

550k200 lOOO*&,, 

78 100 

a 

c .  

L 

5 

15 2053 

17 

b 

10 

lo( 

35 

= l a  l e  

F igure  4. D i s t r i b u t i o n  of e l e c t r o n  momenta wi th  s p e c i f i e d  range. 

3. The D i f f e r e n t i a l  A r e a  Method for  Electrons.  

Statement of  t h e  problem. The o v e r a l l  appearance of  a r t i f i c i a l  e l ec t ron  

t r a c k s ,  t h e i r  d i s t r i b u t i o n  i n  t e r m s  of t o t a l  range ( f o r  a s p e c i f i e d  momentum), 

and i n  termsof  momentum ( f o r  a s p e c i f i e d  t o t a l  range) concords wi th  t h e  rad ia-  

t i o n  loss theory. Hence, a r t i f i c i a l  e l e c t r o n  t r a c k s  can be  used t o  develop a 

method f o r  determining momentum f o r  real e l ec t rons .  A f a s t  e l e c t r o n  l o s e s  

its energy i n  d i s c r e t e  po r t ions ,  t h e  magnitudes of  which, AE,  can a t t a i n  t h e  

o r i g i n a l  energy va lue  (AE 5 Eo). 

t h e  area of t h e  curved segment, measured over  t h e  e n t i r e  recorded s e c t i o n  of 

L155 

The behavior o f  c u r v a t u r e  wi th  range, and 
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t h e  range (both o f  which are good c h a r a c t e r i s t i c s  of t h e  momentum for a heavy 

charged p a r t i c l e ) ,  t h e r e f o r e  cannot be used t o  e s t a b l i s h  t h e  e l e c t r o n  momentum. 

Some r e l i a b l e  d a t a  on e l e c t r o n  momentum can be  obta ined  by measuring 

t h e  curva ture  of t h e  very f i r s t  s ec t ion  of  t h e  t r a c k  (At - 0.3 X 

t h e  r a d i a t i v e  length  o f  t h e  t r a c k ) .  The dimensions of t h i s  s ec t ion ,  A t ,  w i l l  

depend on t h e  parameters of  t h e  medium, t h e  na tu re  of  t h e  d ischarge  of energy 

f o r  t h e  p a r t i c u l a r  e l e c t r o n  (see Figure 2 ) ,  t h e  i n t e n s i t y  o f  t h e  magnetic f i e l d ,  

measurement e r r o r s ,  and on o t h e r  f ac to r s .  Thus, t h e  fol lowing problems must be 

solved i n  developing t h e  area method: 

where X is 
0' 0 

1. f i n d  t h e  r ange 'o f  optimal va lues  of  a t  with in  t h e  l i m i t s  of which it i s  

d e s i r a b l e  t o  measure t h e  t r a c k  parameters;  

2. e s t a b l i s h  a procedure f o r  measuring t r a c k  parameters t h a t  w i l l  be  con- 

venient  t o  use  and s i m i l a r  t o  t h a t  developed f o r  heavy p a r t i c l e s  ( t h e  area o f  

t h e  segment A X  on t h e  s e c t i o n  of t r a c k  A t ,  t he  angle  @ between t h e  momentum and 

t h e  d i r e c t i o n  of  t h e  magnetic f i e l d ) ;  

3 .  f i n d  a way t o  eva lua te  e l e c t r o n  momentum i n  terms o f  measured va lues  

of t r a c k  parameters and compose t h e  corresponding program f o r  t h e  e l e c t r o n i c  com- 

puter .  The program should provide f o r :  

( a )  varying t h e  dimensions of t h e  t r a c k  s e c t i o n  A I  during t h e  measure- 

ments (wi th in  t h e  l i m i t s  of optimal va lues ) ;  

(b) analyzing seve ra l  successive sec t ions  with l eng ths  A t l ,  A t 2 ,  and 

d t 3  f o r  t r a c k s  with r e l a t i v e l y  low r a d i a t i o n  l o s s e s  ( t r a c k  4 i n  F i g u r e  2 ) ;  

4 .  analyze t h e  accuracy of t h e  method, tak ing  i n t o  cons ide ra t ion  mul t ip l e  

s c a t t e r i n g ,  measurement e r r o r s ,  inaccurac ies  i n  t h e  magnitude of t h e  magnetic 

f i e l d ,  computational approximations adopted, and o the r s .  

Computation methodology and r e s u l t s .  The area 

of  t h e  segment w a s  found f o r  s e c t i o n s  of  t h e  track 

l i m i t e d  by t h e  segment of an arc of  length  ~t and a 

chord subtended by t h i s  arc (F igure  5). The segment 

w a s  approximated by a t r i a n g l e ,  two v e r t i c e s  of which 
, 

Figure 5. D i f f e r e n t i a l  co inc ide  wi th  t h e  ends of  t h e  segment, and t h e  t h i r d  
Parameters of a t rack .  l oca t ed  i n  t h e  c e n t e r  of  t h e  arc- This  w a s  done f o r  
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1 1 , , , , u , l  
10 10' 

Figure  6. Spread i n  t h e  A Z / A ~  values  f o r  e l e c t r o n s  wi th  a spec i f i ed  mo- 
m e n t u m  when Q = 0 and = 0.6 (a), 1.4  ( b ) ,  2 cm ( c ) .  
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s i m p l i c i t y  i n  making t h e  measurements and computations. 

made f o r  = 0.6, 1.0, 1.4, 2.0 and 3 c m .  

The computations w e r e  /157 

The va lues  of Ac/Al as a func t ion  o f  t h e  '%ruett  ( t h a t  is, obtained by sampl- 

are p l o t t e d  'true ing 
i n . F i g u r e s  6a, b, and c f o r  A t  = 0.6, 1.4, and 2.0 cm. There is a poin t  i n  t h e  

graphic  f o r  each s e c t i o n ,  A t i ,  of  t h e  e l e c t r o n  t r a c k  ( t h e  broken l i n e  i n  F igu re  

6a connects  a l l  p o i n t s  on one t r a c k ) .  A s  w i l l  be  seen from t h e  f igu res ,  t h e  

po in t s  are grouped nea r  t h e  s t r a i g h t  l i n e s  

using t h e  Monte Carlo method) value of momentum, 

where 

c ( ~ l )  i s  a f a c t o r  t h a t  depends on A 1  ( t h e  d i spe r s ion  of t h e  po in t s  can 

be explained by f l u c t u a t i o n s  i n  t h e  bremsstrahlung).  

A comparison of t h e  r e s u l t s ,  equated t o  var ious  A t ,  revealed t h a t  c (At )  

depended on A t  as t h e  square of t h e  r e l a t i o n s h i p  

c (Al)  == kAl*. 

Now it i s  poss ib l e  t o  f i n d  the e l e c t r o n  momentumpmeas i n  terms of t h e  va lue  L158 

of 

t i o n  o f  t h e  t r a c k  with a r b i t r a r y  (wi th in  t h e  l i m i t s  of optimal va lues)  l eng th  4 1  

(with accuracy t o  wi th in  t h e  f l u c t u a t i o n s  i n  r a d i a t i o n  l o s s e s )  f o r  a sec- 
16 

Dis t r ibu t ions  of t h e  magnitudes 

= Fmeas - %rue 
P Pt rue  

f o r  A t  = 0.6, 1.0, 1.4, 2.0 and 3 . 0  c m  w e r e  cons t ruc ted  t o  compare p with 

'true* 

meas 
Some of  t h e s e  are shown i n  F igures  7a through c. The histograms are not  

- i - _. . ~- - 

16. See t h e  no te  on page 156. 

- /159 
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9 %  

,% 

,% 

r t r u e  

' m e a s  - P t r u e  

'true 
when Figure  7. D i s t r ibu t ion  of t h e  magnitude 

= 0 and 111 = 0.6 ( a ) ,  1.4 ( b ) ,  and 2 c m  ( c ) .  

symmetr ical .  

slow drop on t h e  l e f t .  This  histogram form can be explained by t h e  sharp  in-  

crease i n  t h e  magnitude of A T  at  t h o s e  p o i n t s  on t h e  t rack  t h a t  correspond t o  

h igh  r a d i a t i o n  energy losses by t h e  e lec t rons .  

They are cha rac t e r i zed  by a s t e e p  d e c l i n e  on t h e  r i g h t  and a broad, 

The width of t h e  r band, wi th in  t h e  l i m i t s  of which are 2/3rds of t h e  sampled 

cases wi th  t h e  highest  p r o b a b i l i t y  of appearance, w a s  used as t h e  i n t e g r a l  d i s -  

t r i b u t i o n  c h a r a c t e r i s t i c .  The width o f  t h e  d i s t r i b u t i o n  i s  shown by t h e  dashed 

l i n e s  i n  F igure  7. As w i l l  be seen from t h e  Figures ,  t h e  width of t h e  r d i s -  

t r i b u t i o n  i s  8% when ~1 = 0.6 c m ,  20% when d l  = 1.4 c m ,  and 32% when /11 = 2.0 c m ;  
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t h a t  is, it inc reases  w i t h  i nc rease  i n  A t .  

i n  t h e  bremsstrahlung e f f e c t ,  t h e  p r o b a b i l i t y  of  which inc reases  with i n c r e a s e  

i n  t h e  l eng th  of t h e  segment f o r  t h e  p a r t i c u l a r  t r a c k  segment. 

Once aga in ,  t h e  explana t ion  lies 

The r e s u l t s  given i n  t h e  above w e r e  ob ta ined  assuming t h e  absence of 

mul t ip l e  s c a t t e r i n g  and measurement errors. 

and measurement errors w a s  a s e p a r a t e  matter, considered as ind ica t ed  i n  s e c t i o n  

1. Computations w e r e  made f o r  A t  = 0.6, 1.0, 1.4, 2.0, and 3.0 c m  and fo r  0 = 

50, 100, and 200 microns, i n  o r d e r  t o  t a k e  measurement e r r o r s  i n t o  cons idera t ion .  

Cons idera t ion  of mul t ip l e  s c a t t e r i n g  

/160 

N 

150 

p t r u e  

100 

50 

-io0 -eo -60 -40 -.a o 20 40 pmeas - ptrue 
Pt  rue  ,% 

- 
when d l  = 2 c m  'meas 'true 

D i s t r i b u t i o n  of t h e  magnitude 
P t  rue  

and 0 = 50 ( a ) ,  100 (b )  and 200 microns ( c ) ,  with m u l t i p l e  
s c a t t e r i n g  n o t  taken  i n t o  cons ide ra t ion ,  and when 0 = 200 
microns (d) wi th  m u l t i p l e  s c a t t e r i n g  taken  i n t o  cons idera t ion .  

F igure  8. 
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The computations revea led  t h a t  t h e  Ap/p d i s t r i b u t i o n  curves  are expanded 

s i g n i f i c a n t l y  as compared with t h e  case o f  0 = 0 ( p a r t i c u l a r l y  f o r  s m a l l  A t ) .  
F igu re  8 is an example showing t h e  normalized Ap/p d i s t r i b u t i o n  f o r  A t  = 2.0 c m  

when cT = 50 microns (Figure 8a) ,  100 microns (Figure 8 b ) ,  and 200 microns 

(Figure 8c) .  

more symmetrical, but  t h e  width of’ t h e  r d i s t r i b u t i o n  increased  from 32% f o r  

cT = 0 t o  44, 48, and 60% f o r  = 50,  100, 200 microns, r e spec t ive ly .  Consider- 

a t i o n  o f  mul t ip l e  s c a t t e r i n g  r e s u l t e d  i n  an add i t iona l  i n c r e a s e  i n  r. For  

example, r increased  from 44 t o  60% f o r  A t  = 2 c m  and 0 = 0, from 48 t o  64% 

when = 50 microns, and from 60 t o  68% when 0 = 200 microns (F igure  8d) .  

- /161 
As w i l l  be seen from t h e  f igu res ,  t h e  d i s t r i b u t i o n  curves  became 

/162 - 

A comparative s tudy  of  var ious  

d i s t r i b u t i o n s  revea led  t h a t  t h e r e  i s  a 

region o f  A I  magnitudes f o r  which t h e  

d i s t r i b u t i o n  width,  r ,  and as a r e s u l t  

t h e  e r r o r  i n  measuring t h e  momentum, is 

minimal (Figure 9).17 This  region is 

A 1  = 2 t o  3 c m  f o r  0 = 50 t o  200 microns. 

Therefore ,  t h e  opt imal  d i s t ance  between 

two success ive  p o i n t s  i s  t h e  magnitude 

A1/2 = 1.5 c m  when measuring e l ec t ron  

t racks .  

F igu re  9. r i n  t e r m s  of  A t  when The above d i s t r i b u t i o n s  w e r e  ob- 
Q = 0 without mul t ip l e  s c a t t e r i n g  
considered (a) .  and when TT = 0 ( b ) ,  

t a ined  f o r  e l e c t r o n s  wi th  momenta of 

50 ( c ) ,  and 206 microns (d)  with 
mui t ip l e  s c a t t e r i n g  considered. 

o f  t h e  d i s t r i b u t i o n  of t h e  magnitude Ap/p wi th in  narrower energy in t e rva l s .  

r e s u l t s  o f  t h e  corresponding computations made f o r  A t  = 1.2 c m  and 0 = 100 

microns are l i s t e d  i n  Table 3 .  

’ 

0 t o  1 G e V / c .  I t  i s  of i n t e r e s t  t o  

i n v e s t i g a t e  t h e  dependence of  t h e  width 

The 

17. Figure  9 a l s o  shows t h e  curve f o r  purposes of  comparison f o r  r i n  
terms o f  A [  when 0 = 0 without mul t ip l e  s c a t t e r i n g  considered.  
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TABLE 3 

P, MeV/; r, 96 

100-200 O-lo0 I :2" 
2OO-4Oa 68 

400-800 I 56 

As w i l l  be  seen from Table 3, t h e r e  is but  s l i g h t  dependence o f  t h e  width 

of  t h e  r d i s t r i b u t i o n  on t h e  i n i t i a l  momentum. It should be noted that the magni- 
tude  of  r is made up of t h e  inaccurac i e s  i n  both s igns ,  w i th  t h e  r e s u l t  t h a t  it 

i s  i n  excess of t h e  normal e r r o r  by a f a c t o r  o f  approximately 2. 

Conclusion. Th i s  a r t i c l e  h a s  descr ibed a method f o r  s tudying e l e c t r o n  

t r a c k s  i n  a xenon bubble chamber t h a t  is s i m i l a r  t o  t h a t  developed ear l ier  f o r  

heavy charged p a r t i c l e s .  The method i s  based on measuring t h e  area of  a segment 

over  a s h o r t ,  i n i t i a l  s e c t i o n  of a t r a c k ,  A t .  Analysis revea led  a logar i thmic  

l i n e a r  dependence of A , C / A t  on momentump, and a square dependence on A t .  

simple n a t u r e  of t h e s e  dependencies is what makes i t  poss ib l e  t o  m a k e  t h e  measure- 

ments and t o  develop a convenient method. 

heavy and l i g h t  p a r t i c l e s )  g r e a t l y  s i m p l i f i e s  t h e  compilat ion of programe for t h e  

computer. 

The 

The u n i v e r s a l i t y  of  both methods ( f o r  
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THE NOBLE GAS SCINTILLATION MECHANISM 

B. A. Dolgoshein and B. U. Rodionov 

ABSTRACT. The noble  gas  s c i n t i l l a t i o n  mechanism is 
analyzed. Previous s t u d i e s  are reviewed, t h e  elementary 
processes  tak ing  p l ace  along t h e  t r a c k  of an ion iz ing  
p a r t i c l e  are d iscussed  and p r o p e r t i e s  of g a s  sc in-  
t i l l a t o r s  are descr ibed.  

1. In t roduct ion  

The capac i ty  o f  noble  gases t o  l i g h t  up when ac ted  upon by ion iz ing  par- /I64 - 
titles is widely used i n  experimental  nuc lear  physics.  L e t  u s  l ist  t h e  most 

important p r o p e r t i e s  of gas  s c i n t i l l a t o r s :  

(1)  gas  s c i n t i l l a t o r s  e f f i c i e n t l y  record p a r t i c l e s  with var ious  ion iz ing  

c a p a b i l i t i e s  (from f i s s i o n  fragments t o  r e l a t i v i s t i c  e l e c t r o n s ) ;  

-8 
(2) t h e  rise t i m e  f o r  a s c i n t i l l a t i o n  pulse  i s  s h o r t  (about 10 second);  

( 3 )  t h e  l i n e a r i t y  between t h e  amplitude of  t h e  l i g h t  f l a s h  and t h e  energy 

lost by t h e  ion iz ing  p a r t i c l e  i n  t h e  g a s  i s  found t o  be good; 

(4)  t h e  range of  t h e  p a r t i c l e  (or  t h e  energy l o s t  i n  t h e  s c i n t i l l a t o r )  

can be c o n t r o l l e d  by changing t h e  gas  pressure ,  so record ing  of t h e  more pene- 

t r a t i n g  r a d i a t i o n  can be avoided; 

(5) s c i n t i l l a t i n g  g a s  can be used s imultaneously as a t a rge t  [ f o r  neutron 
3 spectrometry as a r e s u l t  of  t h e  H e  (n,  p)H3 reac t ion ,  f o r  example]; 

(6)  noble  gas  i n  i o n i z a t i o n  and spark chambers can be used s imultaneously 

as a s c i n t i l l a t o r ;  

(7) a g a s  s c i n t i l l a t o r  can be made i n  any s i z e  and shape. 

The p r o p e r t i e s  o f  gas  s c i n t i l l a t o r s  known up t o  1964, can be found i n  

surveys of t h e  sub jec t  [l ,  2, 3 (chapter  14 ) J .  A whole series o f  new p rope r t i e s ,  

t h e  most important o f  which w i l l  be c i t e d  i n  what fo l lows ,  are being s tud ied  a t  

t h i s  t i m e .  

The recent  i n v e s t i g a t i o n  o f  atomic processes  tak ing  p lace  i n  plasma (see  

C4-61, f o r  example) makes it poss ib l e  t o  eva lua te  t h e  r o l e  of t h e s e  processes  
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i n  t h e  k i n e t i c s  o f  noble gas  s c i n t i l l a t i o n ,  a s  l e a s t  q u a l i t a t i v e l y .  Sec t ion  

2 is devoted t o  t h e  elementary processes  taking place along t h e  t r a c k  of an 

ion iz ing  p a r t i c l e .  Sec t ion  3 descr ibes  t h e  p r o p e r t i e s  of gas  s c i n t i l l a t o r s .  

The p r i n c i p a l  purpose of  t h i s  a r t i c l e  i s  to analyze t h e  mechanism involved i n  

noble  gas  s c i n t i l l a t i o n .  

L e t  u s  pause t o  cons ider  t h e  ind iv idua l  s t a g e s  t h a t  have taken p lace  i n  

The work done by P i e r r e  

- /165 
t h e  s tudy  of  t h e  n a t u r e  o f  noble gas  s c i n t i l l a t i o n .  

and Marie Curie s t imula ted  t h e  production of powerful r a d i o a c t i v e  preparat ions.  

The luminescence of  t h e  gas  near  t h e s e  prepara t ions  was seen by t h e  naked eye 

[7]. I n  1906, S t a r k  found t h a t  t h e  f luorescence of a gas  under t h e  inf luence  

o f  Q - p a r t i c l e s  w a s  unresponsive t o  an e l e c t r i c  f i e l d  C81. Pohl was concerhed 

with t h e  n a t u r e  of t h e  f luorescence  of  gases  [9]. I n t e r e s t  i n  gas  s c i n t i l l a t i o n  

increased af ter  t h e  appearance of photoelectron m u l t i p l i e r s ,  when it became 

p o s s i b l e  t o  r e a l l y  record ind iv idua l  p a r t i c l e s  from t h e  f l a s h e s  o f  l i g h t  i n  t h e  

gas. I n  1951, GrUn and Schopper s tud ied  s c i n t i l l a t i o n  as i n i t i a t e d  by @-par- 

t i c l e s  of polonium i n  argon, N2, HZ, 02, and C02 [lo]. 
found i n  argon, and it was proven t h a t  t h i s  l i g h t  d id  not  depend on t h e  pre- 

sence of an e lectr ic  f i e l d ,  and t h a t  most of t h e  l i g h t  was, i n  t h e  u l t r a v i o l e t  

r a d i a t i o n  region. The use  of l i g h t  conver te rs  f o r  transforming t h e  far u l t r a -  

v i o l e t  r a d i a t i o n  of a g a s  i n t o  v i s i b l e  l i g h t  [ll] made it poss ib le  t o  i n c r e a s e  

s c i n t i l l a t i o n  amplitude by a f a c t o r  of almost ten.  Because f a r  u l t r a v i o l e t  

r a d i a t i o n  i n  a noble gas  can occur  onlyupon t r a n s i t i o n o f  an e x c i t e d  atom to the 

ground s t a t e ,  r a d i a t i o n  from atoms should be absorbed resonant ly  i n  t h e  gas  it- 

s e l f .  This  is why Avivi and Cohen, i n  1957, assumed t h a t  u l t r a v i o l e t  r a d i a t i o n  

occurs  upon t r a n s i t i o n  of exc i ted  atoms of a noble gas  t o  t h e  ground state [12]. 

Maximum l i g h t  y i e l d  w a s  

S c i n t i l l a t o r  d e e x c i t a t i o n  t i m e ,  according t o  t h i s  same reference  [ l Z l ,  

having been proven t o  be i n v e r s e l y  proport ional  t o  t h e  g a s  pressure  and e q u a l l i n g  

about t o  second a t  normal pressure,  pointed t o  t h e  fact  t h a t  i o n s  

forming along t h e  t r a c k  of an 0 - p a r t i c l e  w e r e  exc i ted  t o  t h e  metastable  l e v e l .  

Lydia Koch [13-151 showed t h a t  two deexci ta t ion  processes  can be observed i n  

noble  gases;  rap id  d e e x c i t a t i o n ,  i n  approximately second ( t h e  fas t  sc in-  

t i l l a t i o n  component), and slow deexci ta t ion ,  i n  about secsnd ( t h e  slow 

component). Koch assumed t h a t  t h e  slow component w a s  a s s o c i a t e d  wi th  t h e  
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deexcitation of the metastable ions. 

had a significant effect on gas scintillator deexcitation. 
Trace amounts of impurities (IO-%) 

Northrop and Gursky [I61 believe the cause of luminescence to be the re- 

combination of ionized noble gas molecules forming along the particle track 

with the electrons (1958). Already known at that time was the fact that the 

ionized noble gases molecules, discovered by Gxen in 1936 C171, have an un- 

expectedly high coefficient of recombination with electrons C18, 191. The 

hypothesis advanced with respect to this recombination contradicted experirpents 

in which the nonresponsiveness of a gas scintillator to an electric field had 

been shown C8, 10, 20, 211. Tavendale successfully noted the reduction in the 

amplitude of scintillations in an Ar + N mixture in 1961 C221. The effect was 

about 3% when excitation was by a-particles, and 40% when excitation was by U 
fission fragments. 

L166 

23 5 2 

Reference [23] attempted to explain scintillation,amplitude in helium in 
terms of electron and ion recombination pressure. Reference C241 found no 
electric field effect on scintillation in helium. The authors assumed the light 

to be the result of the excited He * molecule. Reference C31 came to the con- 
clusion that the complex conditions of Tavendalels experiments were not suffi- 

cient grounds for saying that recombination in noble gases had been proven. Gas 

scintillator literature [251 gives preference to the hypothesis that scintilla- 
tion light is the result of the deexcitation of metastable ions. 

2 

Recently conducted, detailed, spectroscopic investigations made of scin- 

tillation in gases C26-291 confirm, in the main, the results of earlier investi- 
gations C14, 301. Spectrum analysis indicates that noble gas scintillation is 

associated with the deexcitation of photons by excited noble gas atoms and 

molecules. 

scintillator (wall outgassing), even when the gas is very carefully purified, 

make a definite contribution. There are no lines for the excited ions, for all 

practical purposes. l8 

Impurities (0 2, N2, H20, Hg) that are always present within the 

Luminescence of ions is thus apparently unimportant in 

- 
0 

18. 
ArII [141, but reference E261 showed that this peak was associated with the 
deexcitation of the excited OH radicals. 

A peak of 3093 A in argon earlier had been assigned to the excited ion 
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g a s  s c i n t i l l a t o r s .  

O u r  paper [31] showed experimental ly  t h a t  recombination makes a s i g n i f i c a n t  

con t r ibu t ion  t o  noble  g a s  s c i n t i l l a t i o n  (see s e c t i o n  2). 

t h e r e f o r e ,  t o  rev iew some of t h e  prev ious ly  made r ep resen ta t ions  wi th  r e spec t  

t o  t h e  na tu re  of noble  g a s  s c i n t i l l a t i o n ,  because not  one of t h e  o l d  s c i n t i l l a -  

t i o n  models is capable of expla in ing ,  even q u a l i t a t i v e l y ,  a l l  t h e  known proper- 

t ies of g a s  s c i n t i l l a t o r s .  

Th i s  is t h e  t i m e ,  

2. 

a. Formation of molecules and of molecular i ons  

Molecular ions. A charged p a r t i c l e ,  moving through a gas ,  w i l l  form atomic 

Processes Along t h e  Track of a Charged P a r t i c l e  

+ * 
i o n s  X , e l e c t r o n s  e, e x c i t e d  atoms X , and exc i t ed  i o n s  along i ts  t rack .  Be- 

cause ion  l i n e s  have not been noted i n  t h e  s p e c t r a  of noble  g a s  s c i n t i l l a t i o n s ,  

exc i t ed  i o n s  are an i n s i g n i f i c a n t  p a r t  of t h e  ions ,  and w e  w i l l  given them no 

spec ia l  cons idera t ion .  

i167  
19 

An atomic ion, X', c o l l i d i n g  with t h e  atoms of g a s  X, forms an ion ized  

molecule, X i  [32] 
x+ + 2x -+ x,. + x. 

A t h i r d  p a r t i c l e  is needed t o  c a r r y  o f f  t h e  energy r e l eased  during t h e  formation 
+ of  X2. The 

t h e  formula 

c h a r a c t e r i s t i c  t i m e  f o r  the Eq. (1) r e a c t i o n  can be found through 

where 
3 n is t h e  number of atoms o f  t h e  g a s  per cm ; 

is a c o e f f i c i e n t  t h a t  is l i t t l e  dependent on gas temperature  [33-351; 

(n = 

-8 
The Eq. (1) r e a c t i o n  w i l l  take p lace  i n  10 second a t  normal p re s su re  

2 . 7 . 1 0 ~ ~  l/cm ), SQ i n  dense gases (p res su re  about 1 atmosphere) e l e c t r o n s ,  3 

f o r  a l l  p r a c t i c a l  purposes, recombine only wi th  ion ized  molecules. I n c i d e n t a l l y ,  

19. According t o  t h e  d a t a  contained i n  [121, t h e  number of e x c i t e d  i o n s  
is 2 t o  396 of t h e  t o t a l  number of ions. 
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t h e  p r o b a b i l i t y  o f  t h e  recombination of an e l e c t r o n  wi th  an ion ized  molecule 

is thousands o f  t i m e s  greater than  t h e  p r o b a b i l i t y  of t h e  rkcombination o f  an 

e l e c t r o n  wi th  an atomic ion  of a noble  g a s  [361. 
4. 

The d i s a s s o c i a t i o n  energy of t h e  ionized molecule Xz i n  t h e  ground state 

is about 1 ev [37] (helium - 1 t o  3 ev [271), t h a t  is, t h e  ion ized  molecule is 

extremely stable and e v i d e n t l y  w i l l  disappear i n  g a s  s c i n t i l l a t o r s  on ly  as a 

r e s u l t  of recombination wi th  an e l ec t ron .  

Exci ted atoms. Now l e t  u s  t r a c e  t h e  f a t e  of e x c i t e d  atoms. The exc i ted  

atoms of a noble g a s  have two lower metas tab le  l e v e l s ,  and two resonance l e v e l s  

'PI, helium has  t h e  metas tab le  l e v e l s  3S1, 'S and t h e  reson- 3 ( Pz, 3P0 and PI, 0 
3 1  ance l e v e l s  Po, Pl). Sooner o r  later,  a l l  t h e  e x c i t e d  atoms i n  a dense gas 

w i l l  prove t o  be exc i t ed  a t  one of t h e  four  lower l e v e l s .  A s  a matter of f a c t ,  

t r a n s i t i o n s  o f  an e l e c t r o n  between t h e  upper e x c i t e d  Btates, leading  t o  t h e  emis- 
s i o n  o f  u l t r a v i o l e t  r a d i a t i o n ,  v i s i b l e ,  o r  i n f r a r e d  l i g h t ,  w i l l  i nev i t ab ly  put 

a noble  g a s  atom i n t o  one of t h e  f o u r  e x c i t a t i o n  states mentioned. 

I f  an atom moves from any o f  t h e  upper e x c i t a t i o n  l e v e l s  t o  t h e  ground 

state, a photon w i l l  be emi t ted  and it w i l l  be absorbed immediately by a neigh- 

boring atom. Radiat ion "capture" a c t u a l l y  inc reases  t h e  lifetime of exc i t ed  

atoms i n  a gas i n  terms of t r a n s i t i o n s  t o  t h e  ground state. 
a l l y  f a l l ,  t h e r e f o r e ,  i n t o  t h e  two lower metas tab le  l e v e l s ,  o r  i n t o  t h e  two 

resonance l eve l s .  Because o f  t h e  capture  of resonance r a d i a t i o n ,  t h e  resonance 

l e v e l s  w i l l  be  populated f o r  an e x t r a o r d i n a r i l y  long t i m e  (Un t i l  d i f fus ing  l i g h t  

reaches t h e  chamber w a l l s ,  o r  t h e  exc i t ed  s t a t e  is ext inguished  i n  c o l l i s i o n s ) .  

A l l  mch atoms fin-- /168 

The i n t e r a c t i o n  of e x c i t e d  atoms wi th  n e u t r a l  atoms. So, exc i t ed  atoms i n  

a pure noble  g a s  cannot, p r a c t i c a l l y  speaking, make a t r a n s i t i o n  t o  t h e  ground 

state, and t h e  r e s u l t  is t h a t  most o f  t h e  energy expended by t h e  ion iz ing  par- 

t i c l e s  i n  exc i t i ng  t h e  atoms i s  suppressed i n  t h e  gas. The carriers of t h i s  

energy, t h e  atoms, exc i t ed  at one o f  t h e  fou r  lower l e v e l s ,  w i l l  i n t e r a c t  with 

t h e  surrounding atoms C37-403 

(2 )  x* + 2x -+ x** + x. 
The t i m e  of t h i s  r e a c t i o n ,  j u s t  as i n  t h e  Eq. (1) r e a c t i o n ,  is inve r se ly  propor- 

t i o n a l  t o  t h e  square of t h e  g a s  dens i ty  

174 



-31 6 wherea w i l l  change from 2 . 5 * 1 0 - ~ ~  (helium [41]) t o  10 c m  /sec (krypton [421). 2 
-a 

T - 10-6'sec i n  l i g h t  gases,  and 

pressure.  

s ta te  w i l l  not  be a resonance photon f o r  n e u t r a l  atoms, and t h e r e f o r e  leaves  t h e  

gas f r e e l y .  

t o  10 sec i n  heavy noble gases a t  normal 

The photon emit ted by t h e  molecule during t h e  t r a n s i t i o n  t o  the ground 

The X molecule i o n i z a t i o n  p o t e n t i a l  i s  approximately 1 t o  2 ev less than  2 
t h e  i o n i z a t i o n  p o t e n t i a l  f o r  t h e  atom [37, 431. Hence, h ighly  e x c i t e d  atoms are 

capable of forming ionized molecules when they c o l l i d e  with n e u t r a l  atoms 

C 43 -45 1 
X* + X + X z +  + e .  

2+ 
The energy re leased  during t h e  formation of t h e  X ion i n  t h i s  r e a c t i o n  is 

c a r r i e d  o f f  by t h e  e l e c t r o n ,  so a two-part ic le  c o l l i s i o n  i s  s u f f i c i e n t .  The 

Eq. ( 3 )  r e a c t i o n  should be completed p r i o r  t o  t h e  t r a n s i t i o n  o f  an e l e c t r o n  of  

t h e  atom t o  one of t h e  f o u r  metas tab le  l e v e l s ,  because a t  t h e s e  l e v e l s  t h e  

e n e r g i e s  no longer  s u f f i c e  t o  detach t h e  e l e c t r o n  and form an ionized molecule; 

t h a t  is, t h e  real t i m e  requi red  f o r  t h e  Eq. ( 3 )  process t o  t a k e  p lace  is not i n  

excess  of t h e  deexci ta t ion  t i m e  f o r  t h e  atom (about second). 

So, w e  see t h a t  along t h e  t r a c k  of an ion iz ing  p a r t i c l e  t h e  r e s u l t  of t h e  
+ Eq. (1) r e a c t i o n  is  t o  convert  a l l  ions  i n t o  ionized molecules, X2, and a l l  

e x c i t e d  atoms, X*, i n t o  e x c i t e d  molecules, X* [ t h e  Eq. ( 2 )  r e a c t i o n J ,  o r  i n t o  2 
ionized molecules, X+ [ t h e  Eq. ( 3 )  react ion] .  

energy is converted i n t o  hea t  ( c a r r i e d  away by t h e  atoms o r  e l e c t r o n s  tak ing  

p a r t  i n  t h e  t r i p l e  c o l l i s i o n s ) .  

And only a s l i g h t  amount of t h e  2 - /169 

Mixtures of noble gases. L e t  u s  review t h e  processes  tak ing  p lace  along 

t h e  t r a c k  of an ion iz ing  p a r t i c l e  i n  a mixture of two noble  gases  (X i s  t h e  

l i g h t e r ,  Y t h e  heavier ) .  S ince  t h e  l e v e l s  of e x c i t a t i o n  (and t h e  i o n i z a t i o n  

p o t e n t i a l )  f o r  t h e  l i g h t  g a s  always a r e  higher  than those  f o r  t h e  heavy gas,  

t h e r e  should be e f f e c t i v e  i n t e r c e p t i o n  of t h e  e x c i t a t i o n  energy by t h e  atoms 

of t h e  heavy g a s  i n  a mixture of two noble gases  
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X* -t Y + X . +  Y” o r  Xz* + Y + 2 X  + y*; 
Y*  + 2 X + ( X Y ) * + X  o r  Y* 3- Y + x +  y2* +x; 

(XY)* + Y + Y** + x. 
Ion iza t ion  o f  an atom o f  t h e  heavy g a s  ( t h e  Penning effect)  is poss ib l e  

X” + Y + X + Y + , + e  
X2* + Y --f 2X t Y +  +e. o r  

The r eac t ions  between t h e  i o n s  are en-erge t ica l ly  f avorab le  

x,. + Y + (XY)’ + x; 
x: + Y -+ Y + T 2x; 
Y+ $- 2x -3 (XU)+ j- x; 
(XU)+ + Y + Y; + x. 

Thus, as a r e s u l t  o f  t h e  Eqs. (4) - (11) processes  [as  w e l l  

processes]  it is poss ib l e  t h a t  t h e r e  w i l l  be a pumping o f - a  

as t h e  

most a 

(7) 

Eqs. (1)  - (3 
1 of t h e  

energy l o s t  by t h e  ion iz ing  p a r t i c l e  i n  a mixture  of two noble  gases t o  t h e  

molecules o f  t h e  heavier  gas  ( o r  t o  molecules of a mixed type) .  There is  an 

e f f e c t i v e  energy pumping process  when t h e r e  are s l i g h t  concent ra t  ions  of t h e  

heav ie r  g a s .  

dominance o f  t h e  (KrXe)+ i o n s  i n  t h e  mixture C461. 
i n  t h e  o p t i c a l  r a n g e  i n  t h e  H e  + N e  mixture  [271. 

Mass spec t romet r ic  a n a l y s i s  of a K r  + 0.02% X e  mixture showed pre- 

Neon l i n e s  w e r e  predominant 

Noble g a s  conta in ing  an impurity.  If a noble  g a s ,  X, con ta ins  an atomic 
. .  _ _  

impuri ty ,  Y ,  a l l  of t h e  Eq. ( 4 )  - (11) r e a c t i o n s  c i t e d  above are poss ib le ,  ob- 

viously.  

w i l l  r e s u l t  i n  t h e  cesium i n t e r c e p t i n g  a l l  t h e  energy r e l eased  i n  t h e  discharge 

[47], and only  cesium l i n e s  w i l l  be observed i n  t h e  d ischarge  spectrum. 

presence of 0.002% mercury vapors i n  argon y i e l d s  an i n t e n s i v e  resonance l i n e  

a t  2536 A i n  t h e  noble  gas  s c i n t i l l a t i o n  spectrum i n  t h e  o p t i c a l  region [14]. 

For  example, an impur i ty  cons i s t ing  of 2 0 1 0 - ~ %  c e s i u m  vapors i n  helium 

The 

0 

Molecular impur i t i e s  have mahy e x c i t a t i o n  l e v e l s ,  th ,e refore  t h e s e  i m -  

p u r i t i e s  are p a r t i c u l a r l y  e f f e c t i v e  i n  in t e rcep t ing  t h e  energy from t h e  exc i t ed  

noble  gas  atoms (molecules).  But i t  i s  poss ib le  t o  i o n i z e  t h e  

molecules of  t h e  impuri ty ,  o r  t o  e x c i t e  t h e  impurity,  and equa l ly  poss ib l e  are 

d i s soc ia t ion ,  d i s s o c i a t i o n  with e x c i t a t i o n  of newly forming molecules, and 

t h e  l i k e .  When noble  g a s  i o n s  i n t e r a c t  with t h e  impuri ty ,  charge exchange, 

with e x c i t a t i o n  of t h e  ion ized  molecule of t h e  impuri ty ,  i s  poss ib l e  [61. 
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The following are some of t h e  r e a c t i o n s  with t h e  most widespread molecular 

impur i t i e s  i n  noble gases [27] 

x,. + 01- 0,. +2x; 
x,. + N 2 +  N,. + 2x; (12) 

(13) 
(14) X* + N2 3 N2f + X + e; . .  

(15) 
(a system o f  bands i n  
t h e  v i s i b l e  reg ion)  X* + N2 4 N2* -C X; N2* + N2 4- I Z V  

X" + Nz+ X + 2N; (16) 

(17) 
0 

X* + H 2 0  -+ X $- OH* $. 0; OH* -+ OH + hv . (band nea r  3064 A )  

The formation of new, exc i t ed  noble gas molecules, (XO)*, f o r  example, 

a l s o  can be observed [48]. A s  w e  see, t h e r e  are a great many d i f f e r e n t  pro- 

ces ses  t h a t  become p o s s i b i l i t i e s  during t h e  i n t e r c e p t i o n  of energy by t h e  

molecules i n  t h e  impurity. They a l l  r e s u l t  i n  t h e  d e e x c i t a t i o n  of t h e  gas 

atoms, and e f f e c t i v e l y  convert  t he -ene rgy  l o s t  by t h e  ion iz ing  p a r t i c l e s  t o  

t h e  g a s  i n t o  heat.  The Eq. (15) r e a c t i o n  takes p lace  i n  argon wi th  a large 

cross-sec t ion ,  and n i t rogen  (up t o  10%) has  been s p e c i a l l y  added t o  t h e  e a r l y  

designs of g a s  s c i n t i l l a t i o n  coun te r s  t o  t ransform t h e  energy of t h e  e x c i t e d  

argon atoms i n t o  v i s i b l e  l i g h t  [lo]. Let u s  follow t h e  f a t e  of ion ized  mole- 

c u l e s  i n  a pure noble gas. 

b. Electron-ion recombination 

The presence of e lec t ron- ion  recombination, accompanied by luminescence 

along t h e  t r a c k s  of i on iz ing  p a r t i c l e s  i n  noble  gases was shown experimental ly  

i n  [3l]. The proof is based on t h e  following two experimental r e s u l t s .  

1. The decrease i n  t h e  amplitude of s c i n t i l l a t i o n  l i g h t  is propor t iona l  

t o  t h e  number of e l e c t r o n s  e x t r a c t e d  from t h e  t r a c k  of t h e  ion iz ing  p a r t i c l e  

C31, 48, 491. 

2. The inc rease  i n  s c i n t i l l a t i n g  l i g h t  i n  terms of t i m e  is p ropor t i ana l  

t o  t h e  number of e l e c t r o n  recombination events  [311. 

It is a known f a c t  t h a t  recombination of e l e c t r o n s  wi th  t h e  ion ized  mole- /171 - 
tules of a noble g a s  proceeds thousands of t i m e s  more e f f e c t i v e l y  than  it does 

wi th  atomic ions  c18, 19, 32, 36, 501. When +.he high rate a t  which ion ized  
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molecules are formed is taken i n t o  cons idera t ion  (see s e c t i o n  2a)  it can be 

a s s e r t e d  t h a t  i n  g a s  s c i n t i l l a t o r s  t h e  recombination of e l e c t r o n s  with atomic 

ions  is i n s i g n i f i c a n t ,  and it can be taken t h a t  e l e c t r o n s  recombine only wi th  

‘ ion ized  molecules. Recombination is poss ib l e  i n  one of t h e  fol lowing processes  

X$ + e 4 X,* + hv; 

X$ + e  -+ X* + X; 
X$ + 2e 4 Xz* + e; 

X; + e + X - t  X,* + X. 
There is l i t t l e  l i ke l ihood  of  t h e  Eq. (18) r a d i a t i v e  recombination because t h e  

t i m e  t h e  e l e c t r o n  i n t e r a c t s  wi th  t h e  ionized molecule during c o l l i s i o n  is very 

much s h o r t e r  than t h e  photon emission time, so t h e r e  is l i t t l e  l i ke l ihood  t h a t  

t h e  energy f o r  binding t h e  e l e c t r o n  t o  t h e  ion w i l l  be c a r r i e d  away by t h e  

photon. The c o e f f i c i e n t  of r a d i a t i v e  recombination i s  10 cm /sec 

f o r  thermal energy e l e c t r o n s  [61. 

-11 to 3 

The Eq. (19) d i s s o c i a t i v e  recombination w a s  long considered t h e  most 

probable recombination process  i n  noble gases. The c o e f f i c i e n t  of dissocia-  

t i v e  recombination has  been es t imated  as i n  t h e  range 10 t o  

However, recent  i n v e s t i g a t i o n s  made of noble g a s  plasma have shown t h a t  t h e  r o l e  

of  d i s s o c i a t i v e  recombination has  been overest imated (see C51-543, f o r  

example). Apparently t h e  p r i n c i p a l  recombination processes  i n  noble gases must 

be considered t o  be t h e  e lec t ron- ion  recombinations i n  t h e  Eq. (20) and Eq. (21) 

t h r e e - p a r t i c l e  c o l l i s i o n s .  

-6 3 cm /sec [61. 

A survey of t h e  work done i n  accordance with t h e  theory  of t r i p l e  c o l l i -  

s i o n s  of an ion  wi th  e l e c t r o n s  can be found i n  [5, 6, 551. 
combines with t h e  X i on  i n  t h e  E q .  (20) r eac t ion ,  and t h e  p o t e n t i a l  energy 

r e l eased  during e l e c t r o n  cap tu re  is t r a n s f e r r e d  t o  

p a r t  i n  t h e  c o l l i s i o n .  The recombination c o e f f i c i e n t  i s  approximately 

The e l e c t r o n  re- 
+ 
2 

t h e  o t h e r  e l e c t r o n  taking 

ne/T9l2 cm3/sec (n is e l e c t r o n  dens i ty ,  T is t h e i r  temperature,  ev e 
[56, 571). The Eq. (20) r e a c t i o n  can be t h e  p r inc ipa l  recombination process 

i n  plasma with a high e l e c t r o n  dens i ty .  For example, ne 10 t o  10 along 

t h e  t r a c k  of o r p a r t i c l e s  i n  helium a t  a pressure  of 7 atmospheres L-231. 

15 16 

Con- 
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b t :  

s i d e r i n g  t h e  e l e c t r o n s  as being thermalized (T - 1/40 ev ) ,  w e  ob ta in  a magni- 

tude  of  about 3 cm /sec f o r  t h e  recombination c o e f f i c i e n t .  
. I  

The Eq. (21) r e a c t i o n  can become s u b s t a n t i a l  i n  plasma wi th  a low charge - /I p 
dens i ty .  The energy r e l eased  during recombination is c a r r i e d  o f f  by an atom 

of gas  X. The recombination c o e f f i c i e n t  is  propor t iona l  to g a s  pressure  p i n  

t h i s  case. It is  10'" p cm /sec i n  helium ([p] = [nun Hg])  C.581. 
of t h e  recombination c o e f f i c i e n t  is about 10 c m  /sec at  normal pressure.  

3 The magnitude 
-8 3 

So w e  see t h a t  t h e  r e s u l t  of t h e  recombination o f  an e l e c t r o n  with t h e  ion  

of Eqs. I n  t h e  case of  t h e  

Eq. (20) d i s s o c i a t i v e  recombination t h e  exc i t ed  atom w i l l  t ake  p a r t  i n  t h e  

Eq. (2)  o r  t h e  Eq.  (3) r e a c t i o n ,  and, i n  t h e  f i n a l  a n a l y s i s ,  t h e  exc i t ed  mole- 

c u l e  X* w i l l  be formed once again. 

(18-21) is t h e  formation of  exc i t ed  molecule X* 2' 

2 

c. Formation of plasma along t h e  t r a c k  - of an ~ i on iz ing  ~~ p a r t i c l e  

The Eqs. (18) - (21) recombination processes  a r e  g r e a t l y  dependent on t h e  

ion  d e n s i t y  formed along t h e  t r a c k  of t h e  ion iz ing  p a r t i c l e .  There may not be 

any recombination when i o n i z a t i o n  dens i ty  is low because t h e  e l e c t r o n s  leave  

t h e  zone occupied by t h e  p o s i t i v e  ion ized  molecules q u i t e  r a p i d l y  as a r e s u l t  

of d i f fus ion .  In  f a c t ,  t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  of p a r t i c l e s  along t h e  

t r a c k  can be ignored when ion  d e n s i t y  is low. Recombination is  i n s i g n i f i c a n t  

p r i o r  t o  e l e c t r o n  the rma l i za t ion ,  so t h e  e l e c t r o n  cloud leaks out during t h e r -  

mal iza t ion  t i m e  t [59] such t h a t  t h e  root-mean-square e l e c t r o n  s h i f t  wi th  re-  

spec t  t o  t h e  t r a j e c t o r y  of an ion iz ing  p a r t i c l e  VG- , is 

(De is t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  e l e c t r o n s ) .  

expression (T=/4zt' [D .  is t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  ions ,  

wi th  (De/Di) M 10001 [6]. The e l e c t r o n  d e n s i t y  i n  terms of t h e  ion  dens i ty  

along t h e  trace can be e s t a b l i s h e d  as approximately equal t o  

very  quick ly ;  t h a t  is, only  of t h e  e l e c t r o n s  are i n  the volume occupied by t h e  

p o s i t i v e  ions  and can recombine with them. 

__ - ~ 

/? = T/4D,t 
The ions  have a s i m i l a r  

1 

(Kz /c )  10-3 , 

I 
Elec t rons  and i o n s  w i l l  i n t e r a c t  e l e c t r o s t a t i c a l l y  wi th  each o t h e r  when 

ion  d e n s i t y  is high. 

electric f i e l d  of t h e  ions.  Ions  and e l e c t r o n s  w i l l  d i f f u s e  toge the r  (ambi- 

p o l a r  d i f f u s i o n ) .  

The d i f f u s i o n  leakage o f  e l e c t r o n s  i s  checked by t h e  I 

! 

: i  It is a known f a c t  161 t h a t  t h e  Debye sh ie ld ing  d i s t a n c e  
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c h a r a c t e r i z e s  t h e  d i s t a n c e  a t  which dev ia t ion  from e l e c t r i c a l  n e u t r a l i t y  is 

p o s s i b l e  i n  a column of ion ized  gas. If t h e  r a d i u s  o f  t h e  column o f  ion ized  

gas,  r, is  greater than  t h e  Debye sh ie ld ing  d i s t a n c e  )i w e  w i l l  have t h e  real 

plasma i t s e l f  along t h e  t r a c k  of t h e  ion iz ing  p a r t i c l e .  L e t  us suppose t h a t  i n  
D' 

a column wi th  r a d i u s  r t h e  ion  d e n s i t y  is uniform and equal fo n . The t o t a l  

number o f  ions,  N ( o r  e l e c t r o n s ) ,  c r ea t ed  by t h e  ion iz ing  p a r t i c l e  i n  t h e  gas  

i n  l eng th  1 i s  equal t o  

e 

rV = ls;r-2nc, 

I\ 
t h a t  is, n = - . From t h e  express ion  f o r  t h e  Debye s h i e l d i n g  d i s t a n c e  

e .  enr2 

where (. 

. - 1 is t h e  g a s  p e r m i t t i v i t y ;  

n i s .  ion  dens i ty ;  

k i s  t h e  Boltzmann c o n s t a n t ;  

e 

T i s  g a s  temperature  and thermalized e l e c t r o n  tempera ture ,  

w e  f i n d  

EkTex kT 
r 47e2 N 

where 

I) i s  t h e  number of i o n s  pe r  u n i t  l eng th  of t h e  t r ack .  

- /173 

Eq, (1) shows t h a t  when t h e  number of i ons  per u n i t  l eng th  of t h e  t r a c k  i s  

I) = 4.5010 cm q u a s i n e u t r a l i t y  of t h e  plasma ( A  /r 1) begins  t o  occur along 

t h e  t r a c k  of t h e  ion iz ing  p a r t i c l e .  

4 -1 
D 

F igure  1 shows t h e  s c i n t i l l a t i o n  amplitudes i n  neon (,a), krypton ( b ) ,  argon 

(c), and xenon (d)  i n  t e r m s  of g a s  pressure.  S c i n t i l l a t i o n s  w e r e  observed as 

w e l l  when an e l e c t r i c  f i e l d  w a s  appl ied ,  one t h a t  provided f o r  maximum reduct ion  

i n  s c i n t i l l a t i o n  amplitude because of t h e  e x t r a c t i o n  of some o f  t h e  e l e c t r o n s  

from t h e  @ - p a r t i c l e  t r ack .  Reference C3ll no te s  t h a t  response t o  t h e  f i e l d  

occurred i n  a l l  gases when t h e  number of i ons  per  u n i t  @ - p a r t i c l e  t r a c k  was 

approximately' 2.105 cm , which corresponds t o  A,.,/' 1/2. So it i s  only a f t e r  

t h e  formation of plasma along t h e  t r a c k  of t h e  ion iz ing  p a r t i c l e  t h a t  e lec t ron-  

/I74 . -  

-1 
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F igure  1. S c i n t i l l a t i o n  amplitude A i n  
va r ious  noble  gases  ac ted  on by 
e - p a r t i c l e s  i n  terms of  g a s  pressure ,  p. 

i on  recombination begins  t o  make a 

d e f i n i t e  con t r ibu t ion  t o  noble  gas  

s c i n t i l l a t i o n  ( see  Figure 1 ) .  The 

s c i n t i l l a t i o n  amplitude is not  re- 

duced i n  t h e  electric f i e l d  p r i o r  t o  

t h e  formqtion o f  plasma i n  a noble  

g a s ,  and t h i s  con,cords wi th  t h e  re- 

s u l t s  recorded i n  many o t h e r  papers. 

I f  plasma has  formed, t h e r e  is a re- 

duct ion i n  s c i n t i l l a t i o n  amplitude i n  

an electr ic  f i e l d  [31, 49, 601. The 

con t r ibu t ion  o f  t h e  recombination 

processes  (as w i l l  be seen from 

Figure 1 )  i n c r e a s e s  with inc rease  i n  
-1 gas  densi ty .  

combination w i l l  cont inue u n t i l  ion  dens i ty  is no longer  equal t o  approximately 

2-10 c m  , af te r  which t h e  e l e c t r o n s  w i l l  s epa ra t e  from t h e  i o n s  and 'wi l l  de- 

p a r t  from t h e  t r a c k  as a r e s u l t  o f  d i f fus ion .  

In  fact ,  i f  i on  dens-ity along t h e  t r a c k  is 11 > 2 d 0 5  c m  , re- 

5 -1 

Thus, t h e  recombination processes  i n  g a s  s c i n t i l l a t o r s  are s i g n i f i c a n t l y  

dependent on ion  dens i ty  along t h e  t r a c k  of  t h e  ion iz ing  p a r t i c l e .  Recombin- 

a t i o n  w i l l  no t  occur ,  p r a c t i c a l l y  speaking, when i o n i z a t i o n  d e n s i t i e s  are not  

adequate for plasma formation (7 < 2*105 cm-') because of  t h e  r ap id  d i f f u s i o n  

o f  e l e c t r o n s  f r o m  t h e  t r a c k  of t h e  ion iz ing  p a r t i c l e .  Plasma w i l l  form along 

t h e  t r a c k  when 'Q > 2*105 c m - l .  

percentage of  recombining e l e c t r o n s  and t h e  ra te  a t  which t h e  recombination 

process  t a k e s  place.  

Ion dens i ty  i n  t h e  plasma i s  determined by t h e  

d. Deexci ta t ion of  exc i t ed  noble  a a s  molecules 

- The s p e c t r a l  composition o f  molecular l i g h t .  The r e s u l t  of  t h e  Eqs. (1) - 
(3)  and (18) - (21) r e a c t i o n s  is t h a t  t h e  energy l o s t  by t h e  ion iz ing  p a r t i c l e  

t o  a noble  gas  is, f o r  t h e  most p a r t ,  t r a n s f e r r e d  t o  t h e  exc i t ed  molecule. 

Very l i t t l e  of t h i s  energy can go t o  t h e  deexc i t a t ion  of photons of v i s i b l e ,  

s o f t  u l t r a v i o l e t ,  o r  i n f r a r e d  l i g h t  during t h e  t r a n s f e r  of  e l e c t r o n s  between 

t h e  upper l e v e l s  o f  e x c i t a t i o n  o f  noble  g a s  atoms o r  molecules. Even i f  it i s  
I 
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assumed that all the upper levels are uniformly populated with electrons, the 

energy supplied to the upper levels is less than 30% in noble gases. 
centage of visible light in noble gas scintillators i s  less than 10% C31, 61, 

62). 
The shortwave limit of molecular light coincides with the wavelength of the 

photon emitted from the lower resonance level of a noble gas atom [63]. 
violet light is distributed continuously from its shortwave limit to the longer /175 

wave side. The distribution has a number of broad maxima. Reference [261 lists 
the molecular continuum for argon excited by cy-particles. A survey of noble gas 

eontinuums when excitation is by an electric charge is contained in [641. 
excitation by an excited molecule of a shortwave photon is accompanied by the 

dissociation of the excited molecule 

The per- 

0 

Basic light emitted by the molecules is vacuum ultraviolet (1 < 2000 A ) .  

Ultra- 

- 

De- 

x,* -> hv + x + x. (22 1 

Time of deexcitation of light by molecules. The lifetime of the relative 

emission of an ultraviolet photon by an excited molecule of argon has been 

estimated in [40], as equal to 3.4-10-6 sec (p 
tains data to show the existence of metastable molecules, Ar in argon, some- 

thing that can explain the long deexcitation time at low pressures. Reference 

[42] made the assumption that the deexcitation of noble gas molecules takes 
place more rapidly than second. The available data do not contradict the 

lifetimes of excited molecules relative to the emission of vacuum ultraviolet 

1 atm). Reference [651 con- 
* 
2' 

to second at a pressure close to atmospheric). The lifetime of 

excited molecules relative to the emission of soft ultraviolet or visible 

light is to second. The role of extinguishing collisions increases 

with increase in gas pressure, so the lifetime of excited atoms is shortened 

C31- 

e. Deexcitation of noble gas molecules 

Deexcitation of the molecules of molecular impurities. The processes in- 

volved in the interaction of excited atoms with molecular impurities were re- 

viewed in subsection a of this section. Reactions similar to those of Eqs .  

(14) - (17) are valid for excited noble gas molecules. The deexcitation cross 

section is of the order of the gas kinetic cross section. The extingui-shing 
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effect of molecular i m p u r i t i e s  is w e l l  known [ 4 ,  6, 50, 581, and w e  w i l l  no t  dwell 

upon it here.  Let u s  cons ider  t h e  deexc i t a t ion  o f  molecules i n  pure noble gases. 

Deexci ta t ion o f  molecules i n  c o l l i s i o n s  ~- with e l ec t rons .  When an exc i t ed  _ _  _ _  -~ 

noble  gas  molecule c o l l i d e s  wi th  an e l ec t ron ,  t h e  molecule can become even more 

h igh ly  exc i ted ,  it can become ionized ,  o r  it can be  deexci ted  ( supe re l a s t i c  

c o l l i s i o n  of  t h e  e l ec t ron ) .  The deexc i t a t ion  c r o s s  s e c t i o n  of  a molecule i n  

c o l l i s i o n  with an e l e c t r o n  obviously is of t h e  same o rde r  o f  magnitude as t h e  

deexc i t a t ion  c r o s s  s e c t i o n  f o r  an atom; t h a t  is, t o  c m  [SI .  Elec- 

t r o n  deexc i t a t ion  h a s  been reviewed i n  a number of  papers  ( fo r  example, [41, 52, 

661). Supe re l a s t i c  c o l l i s i o n  o f  e l e c t r o n s  is one o f  t h e  most important processes  

t ak ing  p lace  i n  a noble  gas  plasma. 

of lesser importance as compared wi th  t h e  deexc i t a t ion  o f  molecules i n  c o l l i -  

s i o n s  with atoms of t h e  g a s  when concent ra t ions  o f  e l e c t r o n s  i n  t h e  plasma are 

s m a l l  C651. Reference [ 3 O ]  cons ide r s  e l e c t r o n  deexc i t a t ion  t o  be of no moment 

i n  g a s  s c i n t i l l a t o r s  when p res su res  are low. 

2 

But e l e c t r o n  deexc i t a t ion  can be a process  - /176 

In  fact ,  t h e r e  i s  l i t t l e  l i ke l ihood  of e l e c t r o n  deexc i t a t ion  i n  t h e  case  

of  t hose  ion iza t ion  d e n s i t i e s  along t h e  t r a c k  when no plasma i s  formed and when 

recombination o f  e l e c t r o n s  wi th  i o n s  does not  occur  because e l e c t r o n  dens i ty  on 

t h e  t r a c k  is low. However, i n  plasma i n  which t h e  Eqs. (18) - (21)  recombina- 

t i o n  processes  are  t ak ing  p l ace ,  t h e  processes  involved i n  t h e  e l ec t ron  de- 

e x c i t a t i o n  of molecules should a l s o  be noted. The number of s u p e r e l a s t i c  co l -  

l i s i o n s  o f  e l e c t r o n s  i n  u n i t  volume i n  u n i t  t i m e  is r e a d i l y  found by t h e  de- 

e x c i t a t i o n  c r o s s  sec t ion .  The deexc i t a t ion  c o e f f i c i e n t  i s  s imi la r  t o  t h e  re- 

combination c o e f f i c i e n t ,  t o  10-17)ve, where v i s  t h e  e l ec t ron  ve loc i ty .  

When T - 30O0C, v - 10 cm/sec, t h e  deexc i t a t ion  c o e f f i c i e n t  i s  about t o  

10-l' cm3/sec. 

t i o n  t h e  e l e c t r o n  e m i t s  on ly  one shortwave photon, but t h a t  same e l ec t ron  can 

deexc i t e  sever(a1 molecules. 

along t h e  t r a c k  exceedsthe number of ions.  But t h e  presence of a l i n e a r  re- 

l a t i o n s h i p  between t h e  number o f  recombination events  and t h e  amplitude o f  t h e  

s c i n t i l l a t i o n  l i g h t  [31] i n d i c a t e s  t h a t  t h e  effect of e l e c t r o n  deexci ta t ion  does 

not  exceed 10% of t h e  s c i n t i l l a t i o n  amplitude. 

e 7 
e 

What must be taken i n t o  cons idera t ion  i s  t h a t  during recombina- 

Moreover, t h e  number of e x c i t e d  molecules forming 
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Deexcitation of molecules in collisions with atoms. The effectiveness 

of deexcitation is maximum yhen the velocity of an incident particle is com- 

parable with the velocity of the atomic electrons. The deexcitation cross 

section for a molecule in collision with a neutral atom therefore should be 

thousands of times smaller than the electron deexcitation cross section. Ac- 

cording to the data contained in [5], the atom deexcitation cross section (like 

the atom excitation cross section) should be to 

kinetic energy of about 10 evt 

cm2 for an atom 

Reference [ 671 evaluates the deexcitation cross sections for the four 
lower levels of'peon in collisions with atoms and electrons (the distance be- 

tween levels is in fractions of an electron volt). 
. # ,- 

Only transitions between 

-these levels are considered. The deexcitation cross section for collisions of 
2 3 

p1 
atoms at 3W°K is 5.10'~~ t o  6=10-20 cm . 
to 3P increases by an order of magnitude when the temperature is raised by a 

factor of almost two. The deexcitation of these same levels by thermal elec- 

trons takes place with cross sections of to cm . The deexcitation 
of noble gas atoms and molecules to the ground state should be much less likely 

because an energy of about 10 ev is removed in the case of this deexcitation. 

But reference [651 assumes that the main process involved in loss of energy by /177 

an excited argon molecule (p - 10 mm Hg) is deexcitation in collisions with 
neutral atoms. The deexcitation probability is directly proportional to the 

gas pressure. cm2 when T = 

3W°K, and a deexcitation time of about 10 second corresponds to normal 

pressure. 

The deexcitation cross section 

2 

2 

- 

The deexcitation cross'section is about 
-4 

Deexcitation of molecules qccompanied by ionization. A n  excited noble 

gas molecule can cause.ionisation of the three (or four)'atoms that form during 

the collision of the molecule with the atoms (or an unexcited molecule) of a 
. .  

noble gas 
X,* + X + X; + e 

or 
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The Eqs. (23) and (24) reactions are similar to the Eq. (3) reaction, and can 
be observed in nitrogen and hydrogen. There apparently are no reasons for the 

suppression of reactions of this type in dense noble gases, but the existence 

of the Eqs. (23) and (24) processes have not yet been confirmed experimentally. 

f. 

Light streaming through a noble gas can be absorbed by an atom of the gas. 

Migration of-excitation - energy in noble gases 

The probability of absorption is maximum if the photon energy coincides with 

theenergyfor excitation of the atom from the ground state. The atom absorbing 

the photon can emit it again, but in a different direction. The path followed 

by a photon that is repeatedly absorbed and then emitted by the atoms of the 

gas reminds one of the path of a particle diffused in the gas, so this type of 

energy migration is called the diffusion of light. If the coefficient of absorp- 

tion is high,the diffusion of light locks the photons in the gas, in 

essence (radiation capture). Study of the diffusion of light in gases has been 

reported Expansion of atomic lines with in- 

crease in pressure plays an important role in the process involved in the dif- 

fusion of light' C751. 
efficient of absorption of light by the atoms, even well beyond the resonant 

frequency. Reference E761 suggests a linear increase in the width of the re- 
sonance level 6 with gas pressure p (the mean lifetime of an electron at the l/S 
level). 

of approximately 200 mm Hg C771. 
proportional to)Tp. 

the resonant energy transfer from atom to atom, and depends on the parameter 

nX3, that is, on the number of atoms in a volume with linear dimensions of the 

order of the photon wavelength. In gas scintillators nX3 9 1 (n 2 1019 l/cm3, 
* - 
shape of the line differs from the Lorentzian, and the excitation level can be 

shifted. Thus, the diffusion of light is intimately associated with the process 

involved in the migration of energy in collisions. The theoretical exposition 

of questions concerned with the migration of excitation energy in dense gases 

(nX 9 1) is only beginning [79, 801. Let us consider the role the migration 

of energy can have in gas scintillators. 

in a number of papers C67-741. 

Expansion of atomic lines results in an increase in the co- 

The results have been confirmed experimentally in argon up to a pressure 

Reference C781 supports an expansion that is 
The expansion in the lines can be determined in the main by 

L178 

cm). Because of pair collisions with resonant energy transfer the 
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Capture of resonance r a d i a t i o n  from atoms. The cap tu re  of resonance rad ia-  

t i o n  from noble g a s  atoms, as has  a l r eady  been pointed o u t ,  f a c i l i t a t e s  t h e  

pumping o f  t h e  energy o f  e x c i t e d  atoms t o  t h e  f o u r  lower l e v e l s  of e x c i t a t i o n ,  

o r  t o  t h e  two lower resonance l e v e l s ,  which t u r n  out  t o  be t h e  metas tab le  l e v e l s ,  

i n  essence. Only af ter  exc i t ed  noble  g a s  molecules have been formed is it pos- 

s i b l e  t o  convert  t h e  energy t h u s  s t o r e d  i n t o  nonresonant l i g h t .  

The d i f f u s i o n  of l i g h t  from t h e  lower resonance l e v e l s  l as t s  f o r  t e n s  and 

hundreds of microseconds when t h e  pressure  is about 100 mm H g  and t h e  d i s t a n c e  

is 1 c m  (723, and t h i s  corresponds t o  t h e  time requi red  f o r  t h e  formation of 

molecules i n  accordance wi th  t h e  Eq. (2) reac t ion .  The d i f f u s i n g  l i g h t  w i l l  be 

propagated more slowly at atmospheric pressure ,  with t h e  rate at which t h e  Eq. 

( 2 )  r e a c t i o n  w i l l  t a k e  p l ace  being propor t iona l  t o  p , as w e  know, So it is 

obviously impossible t o  record resonance l i g h t  i n  gas s c i n t i l l a t o r s .  

2 

Resonance e x c i t a t i o n  energy t r a n s f e r  from atoms i n  c o l l i s i o n s .  The exci- 

t a t i o n  energy s t o r e d  on t h e  lower resonance l e v e l s  of t h e  noble g a s  atoms is 

t r a n s f e r r e d  r a p i d l y  from atom t o  atom i n  double c o l l i s i o n s  wi th  c r o s s  s e c t i o n  
2 p r i o r  t o  t h e  formation o f  molecules. This  is why t h e  l i f e t i m e  of an exc i t ed  

atom, 7, i n  a dense gas  is  much s h o r t e r  than  t h e  l i f e t i m z  o f  an i s o l a t e d  atom. 

Migration of e x c i t a t i o n  energy (without photon d e e x c i t a t i o n )  i nc reases  t h e  

p r o b a b i l i t y  of energy t r a n s f e r  t o  t h e  impur i t i e s  contained i n  t h e  gas ,  This 

takes p lace  because of t h e  expansion i n  t h e  e x c i t a t i o n  l e v e l  ( 1 / ~ ) ,  t h a t  is 

resonance energy t r a n s f e r  t o  t h e  impurity ( c r o s s  s e c t i o n  A becomes poss ib le ,  

o r  because of t h e  inc rease  i n  t h e  p r o b a b i l i t y  of an i n t e r a c t i o n  between an atom 

(molecule) of t h e  impurity and t h e  e x c i t a t i o n  energy l ld i f fusedl l  i n  volume . 
2 

3 

Experimental d a t a  confirm t h e  great magnitude of t h e  energy in t e rcep t ion  

c r o s s  s e c t i o n  by impur i t i e s .  Assuming a speed of d e e x c i t a t i o n  o f  t h e  exc i t ed  

atoms of t h e  b a s i c  g a s  o f  some 

t h i s  t i m e  a t  normal p r e s s u r e ) ,  w e  can f i n d  t h e  cross s e c t i o n  f o r  i n t e r c e p t i o n  of 

e x c i t a t i o n  energy by t h e  i m p u r i t i e s  (atom v e l o c i t y  is approximarely 3.10 
cm/aec) i n  t h e  examples considered earlier (normal p re s su re )  

second (molecules form i n  approximately 

/179 4 - 
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A Kr + 0.02% Xe [46]; a 2, l O - I 3  c m  

I-le + !& N e  [27]; a > 10-I2 c m  ; 

Ar + 0.002?4 Hg 1141; a >  10-l2 c m  
2 
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A s i m i l a r  cros,p s e c t i o n  (2 1 0 - 1 2 c m 2 )  is obtained f o r  n i t rogen  i n t e r c e p t i n g  

a l l  t h e  e x c i t a t i o n  energy i n  noble  gases  when t h e  concentrat ion is some 

C611. Accordingly, energy i n t e r c e p t i o n  by i m p u r i t i e s  takes place more r a p i d l y  

than can be explained by conventional c o l l i s i o n s  of  atoms with gas  k i n e t i c  

c r o s s  s e c t i o n s  (- c m  1. Energy i n t e r c e p t i o n  t i m e  by t h e  impurity when 

t h e  concent ra t ions  of t h e  l a t t e r  are about 

second, and less t h a n  10 second when t h e  concent ra t ion  is 10 . 

2 

-7 is obviously less than 10 
-8 -4 

The capture  of molecular l i g h t .  Since t h e  shortwave l i m i t  of t h e  noble 

gas molecular continuum coinc ides  with t h e  wavelength o f  t h e  resonance l i n e  f o r  

t h e  atom, t h e  expansion of t h i s  l i n e  with increase  i n  g a s  pressure  should r e s u l t  

i n  t h e  d i f f u s i o n  of molecular l i g h t .  

References [ 6 3 ,  81, 821 n o t e  a sharp  reduct ion i n  t h e  i n t e n s i t y  of t h e  

l i g h t  passing through xenon i n  t h e  wavelengths near  t h e  resonance l i n e  f o r  

atomic xenon, 1470 A. The reduct ion  i n  i n t e n s i t y  encompasses more and 

more of t h e  spectrum with i n c r e a s e  i n  xenon pressure  (40 A a t  normal pressure  

and about 100 A when p = 20 a t m ) .  

t h e  molecular continuum is captured i n  t h e  gas .  

0 

0 

0 

Thus, t h e  shortwave s e c t i o n  of  t h e  l i g h t  of  

Absorption of l i g h t  by noble  gas  molecules. Noble gas  molecules can form 

elsewhere than along t h e  t r a c k  of an ion iz ing  p a r t i c l e .  The formation of mole- 

c u l e s  of two atoms (dimers) w i t h  a binding energy of about 0.01 ev is poss ib le  

when unexcited atoms of noble  gas  X c o l l i d e .  Reference C831 found t h a t  t h e  

number of  molecules of xenon per  u n i t  volume (when T = 300°K) w a s  proport ional  

t o  2.16010 n,  where n is t h e  number of atoms of xenon p e r  c m  . The concen- 

t r a t i o n  of  molecular xenon i s  about 1% a t  normal pressure.  Molecular xenon 

s c a t t e r s  u l t r a v i o l e t  r a d i a t i o n  ( t h e  s c a t t e r i n g  c r o s s  s e c t i o n  is  approximately 

5-10-22 c m 2  f o r  t h e  l i n e  1215.7 i). 
r e s u l t s  i n  an a d d i t i o n a l  expansion i n  t h e  s p e c t r a l  l i n e s  [84]. 

- 22 3 

Absorption of  l i g h t  by noble gas  molecules 

Noble gas  molecules can absorb t h e  l i g h t  from e x c i t e d  molecules, and t h i s  

l e a d s  t o  t h e  d i f f u s i o n  of t h e  l i g h t  from t h a t  p a r t  of t h e  molecular cont~nuum 

t h a t  w i l l  not absorb many of t h e  gas  atoms. The absorp t ion  of  l i g h t  by dimers 

should increase  with i n c r e a s e  i n  pressure,  and with decrease i n  g a s  temperature,  

because t h e  p r o b a b i l i t y  of d i s s o c i a t i o n  o f  t h e  molecules decreases  with de- 

crease i n  temperature ( t h e  
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about 0.03 ev C831). The formation of  trimers, X o r  of  heav ie r  molecules 

(X4 and o t h e r  polymers) is poss ib l e  when exc i t ed  dimers c o l l i d e  wi th  noble  gas  

atoms. S ince  polymer i o n i z a t i o n  p o t e n t i a l  obviously w i l l  be  reduced wi th  in-  

crease i n  molecular weight,  exc i t ed  polymers can be r e a d i l y  ion ized  [ t h e  Eqs. 

( 2 3 )  and (24)  react ions] .  The i o n s  X and X w i l l  be  formed a t  some d i s t ance  

from t h e  p a r t i c l e  t r a c k ,  where t h e  concent ra t ion  of e l e c t r o n s  is low, and 

where, as a r e s u l t ,  t h e  e lec t ron- ion  recombination is i n s i g n i f i c a n t ,  when t h e r e  

is d i f f u s i o n  of  molecular l i g h t .  

X+ is  equiva len t  t o  t h e  d e s t r u c t i o n  of t h e  d i f fus ing  photons. 

3 ’  

+ + 
3 4 

Therefore ,  t h e  formation o f  t h e  i o n s  X+ and 
3 

4 
g. Elec t ron  bremsstrahlung. Elec t rons  forming along t h e  t r a c k  of  an 

ion iz ing  p a r t i c l e  e m i t  bremsstrahlung l i g h t  during n e u t r a l  atom dispers ion  

[5, 853. ‘:The i n t e n s i t y  of  t h e  bremsstrahlung l i g h t  decays r a p i d l y  over  a per iod 

o f  t i m e  t h a t  i s  o f  t h e  o r d e r  o f  magnitude of t he rma l i za t ion  t i m e  [59]. However, 

t h e  e l e c t r o n s  can acqu i re  a d d i t i o n a l  energy during s u p e r e l a s t i c  c o l l i s i o n s ,  so 

bremsstrahlung can las t  f o r  t h e  per iod  of  t i m e  r equ i r ed  f o r  e l e c t r o n  recombina- 

t i o n .  The s p e c t r a l  composition o f  bremsstrahlung l i g h t  can be  cha rac t e r i zed  by 

a broad continuum. I n t e n s i t y  i n  t h e  band of  sho r t  wavelengths decays t o  photon 

energy below t h e  first level e x c i t a t i o n  energy f o r  a noble  gas  atom. This  comes 

about because t h e  number o f  e l e c t r o n s  with ene rg ie s  exceeding t h e  energy of t h e  

first e x c i t a t i o n  l e v e l  f o r  t h e  atoms decays r a p i d l y  because of  i n e l a s t i c  energy 

l o s s e s  during c o l l i s i o n s  wi th  atoms o f  t h e  g a s  t o  10 sec  a t  normal 

p re s su re ) .  Fur ther  s h i f t  of  t h e  shortwave l i m i t  f o r  bremsstrahlung toward t h e  

long wavelength s ide ,  t oge the r  with simultaneous reduct ion  i n  i n t e n s i t y ,  t akes  

p l a c e  because of  elastic l o s s e s  o f  energy by t h e  e l e c t r o n s  during thermaliza- 

t i o n  (about second). The i n t e n s i t y  of  bremsstrahlung l i g h t  does not de- 

pend on photon energy t o  any great  ex ten t  i n  t h e  longwave band [51, but  does 

depend very heav i ly  on e l e c t r o n  energy i n  t h e  shortwave band. 

-10 

G. A. Askar’yan [85] evalua ted  t h e  output  o f  bremsstrahlung l i g h t  from a 

g a s  s c i n t i l l a t o r .  The percentage of  bremsstrahlung l i g h t  i s  a f e w  percentage 

p o i n t s  o f  t h e  observed s c i n t i l l a t i o n  l i g h t .  The rise t i m e  f o r  t h e  i n t e n s i t y  

o f  bremsstrahlung l i g h t  i s  determined by t h e  t i m e  r equ i r ed  f o r  t h e  ion iz ing  

p a r t i c l e  t o  pass  through t h e  g a s .  
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a. - S c i n t i l l a t i o n  e f f i c i e n c y  

The number of  photons i n  a s c i n t i l l a t i o n  f l a sh .  The e f f i c i e n c y  wi th  

G a s  S c i n t i l l a t o r  ~~ -~ P r o p e r t i e s  

-- -- - - - - - 
which ion iz ing  p a r t i c l e s  i s  recorded is determined by t h e  number o f  photons 

occurr ing  a f t e r  t h e  p a r t i c l e  has  passed through t h e  s c i n t i l l a t o r .  Reference 

E861 (see a l s o  [3]) evaluated t h e  d i s t r i b u t i o n  o f  energy l o s t  by a charged 

p a r t i c l e  i n  t h e  gas  t o  i o n i z a t i o n  and e x c i t a t i o n  of  atoms, as w e l l  as t h a t  

c a r r i e d  of f  by e l e c t r o n s  during ion iza t ion .  I n  a l l  noble  gases  approximately 

60% of t h e  energy is expended i n  ion iza t ion  of atoms, 20% is c a r r i e d  o f f  by 

1 

1 

t h e  e l e c t r o n s  (mean e l e c t r o n  energy i s  about 0.31, where I i s  t h e  atom ioniza-  

t i o n  p o t e n t i a l ) ,  and 20% of  t h e  energy is expended i n  exc i t i ng  t h e  atoms. 

S ince  t h e  energy f o r  e x c i t i n g  noble  g a s  atoms i s  of t h e  order  of  10 ev, a g a s  

s c i n t i l l a t o r  can e m i t  about lo4 photons per  1 M e V  of energy l o s t  by t h e  ion iz-  

ing p a r t i c l e  (recombination and quenching not taken i n t o  cons idera t ion) .  What 

u s u a l l y  is observed i s  a value of  lo3 photons/MeV [ 3 1 ,  and t h i s  is proof o f  t h e  

s i g n i f i c a n t  r o l e  played by t h e  processes  involved i n  quenching exc i t ed  atoms 

(molecules) i n  g a s  s c i n t i l l a t o r s .  

0.52 0.16 0,043 0.33 1.2 /I61 

1 0.3  0 .3  0.3 1.2 Our 
da ta  



explained by the efficient interception of the helium excitation energy by the 

/182 - xenon, with deexcitation of the xenon molecules relatively low because of the 

small concentration of xenon atoms (see section 2e and f). 

1 I 

Figure 2. Scintillation 
amplitude, A, in terms of 
xenon density p (ionization 
by &-particles) : 

1 - total scintillation 
amplitude; 2 - recombination 
amplitude of scintillations 
depending on the field of the 
componenk; 3 -recombination 
amplitude of scintillations 
independent of the field of 
the component. Amplitudes 
are shown in relative units. 

The contribution of electron-ion recombina- 

tioh. The data from Figure 1 can be used to eval- 

uate the contribution made by recombination to 

the amplitude of a scintillation flash. Recom- 

bination will yield from 20 (neon) to 50% (xenon) 
of the light at pressures of about 10 atm along 

the track of an V-particle with an energy of 5.15 

MeV. Figure 2 shows the change that takes place 

in scintillation amplitude in xenon in terms of 

gas density (curve 1). Curves 2 and 3 were ob- 
tained by extrapolation using the results of 

ionization measurements [311. Let us now turn 

to the identical relative decay of both compon- 

ents with increase in xenon density, something 

that obviously points to the sameness of the 

quenching processes for both components. Since 

excited molecules form during electron-ion re- 

combination, the sameness of the quenching pro- 

cesses for both components in turn means that 

the principal part of the scintillation quench- 

ing processes at high pressures takes place in 

the excited molecule stage, X2. 

- 

* 

Dependence of light yield on energy absorbed by the gas. The linearity 

of the light yield from gas scintillators, that is, the proportionality of the 

aplitude of the light flash of energy absorbed by the gas can be arrived at in 

the following cases: 

(1) there is no recombination along the track (low gas pressures, par- 
-1 

ticles with poor ionizing capabilities 7 < %lo5 cm 1; 

(2) recombination makes a maximum contribution to the scintillation am- 

plitude (high gas pressure, particles with good ionizing capabilities 

. .  . 



(3) p a r t i c l e s  have equal  ion iz ing  c a p a b i l i t i e s  ( a r b i t r a r y  gas  pressure) ;  

(4) recombination l i g h t  i s  not  recorded. This  can be  done by simply re- 

cording t h e  fast component o f  t h e  s c i n t i l l a t i o n  ( see  c of t h i s  s ec t ion ) .  

It  is poss ib l e  t o  v i o l a t e  t h e  l i n e a r i t y  a s soc ia t ed  wi th  t h e  var ious  con- 

t r i b u t i o n s  o f  t h e  recombination components i n  t h e  s c i n t i l l a t i o n  f o r  p a r t i c l e s  

w i th  d i f f e r e n t  i on iz ing  c a p a b i l i t i e s  when t h e  cond i t ions  formulated above can- 

not  be  s a t i s f i e d .  Maximum f l a s h  amplitude is observed wi th  s t rong  ion iz ing  

p a r t i c l e s  when energy l o s s e s  i n  t h e  gas  are i d e n t i c a l .  Th i s  is t h e  type  o f  

behavior  pattern obta ined  f o r  e l e c t r o n s  and @ - p a r t i c l e s  [62, 871, and f o r  a-particles 

and t h e  f i s s i o n  fragments of U234 [22, 88, 891. 

t h a t  t h e  n o n l i n e a r i t y  of  t h e  l i g h t  ou tput  increased  i n  a mixture of  H e  + X e  

with increase i n  the xenon pressure ,  and re ference  [22] i n d i c a t e s  t h a t  non- 

l i n e a r i t y  can be co r rec t ed  by applying an e lectr ic  f i e l d  t o  t h e  gas. 

Moreover, re fe rence  [871 found 

Dependence o f  t h e  amplitude o f  t h e  s c i n t i l l a t i o n  f l a s h  on g a s  pressure.  

Two processes ,  t h e  rate a t  which exc i t ed  molecules are formed, and t h e  effec-  

t i v e n e s s  of  t h e  processes  involved i n  t h e  deexc i t a t ion  of atoms and molecules, 

determine t h e  amplitude o f  t h e  s c i n t i l l a t i o n  f l a s h  f o r  t h e  same ion iza t ion  

dens i ty ,  but  d i f f e r e n t  gas  p re s su res  ( l o s s  of energy by t h e  p a r t i c l e  t o  t h e  

gas  t h e  same). 

Molecules form slowly i n  t h e  low pressure  region (see s e c t i o n  Za), and 

an impuri ty  (see sec t ion  t h e  e x c i t a t i o n  energy is i n t e r c e p t e d  and quenched by 

2e). 

p ressure ,  and t h e  energy cap tu re  by t h e  impur i t i e s  takes p lace  with less 

ef f ic iency .  S c i n t i l l a t i o n  amplitude inc reases  too. But w i th  a f u r t h e r  in-  

The rate a t  which molecules form w i l l  i nc rease  with inc rease  i n  gas  

crease i n  pressure  comes t h e  deexc i t a t ion  processes  a s soc ia t ed  with t h e  capture  

o f  molecular l i g h t  by t h e  atoms and t h e  absorp t ion  of  l i g h t  by t h e  noble gas  

molecules. 

i n  c o l l i s i o n s  t o  become s u b s t a n t i a l .  

should decrease slowly wi th  inc rease  i n  g a s  p re s su re  ( see  F igure  2). 

It is poss ib l e  f o r  t h e  processes  involved i n  molecule deexc i t a t ion  

The amplitude o f  s c i n t i l l a t i o n  l i g h t  now 

, ,  
Change i n  p re s su re  i n  a gas  s c i n t i l l a t o r  u s u a l l y  is accompanied by change 

i n  ion iza t ion  dens i ty ’a long  t h e  t r ack .  L e t  us ,  t he re fo re ,  see how t h e  re- 
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combination component behaves wi th  inc rease  i n  gas  pressure .  There i s  no re- 

combination a t  low pressures .  The recombination component i nc reases  with in-  

crease i n  p re s su re  ( see  s e c t i o n  2c) ,  then  drops s lowly because t h e  deexci ta t ion  

processes  descr ibed  above and forming during t h e  recombination of noble  gas  

molecules are included. The experimental  da t a  presented i n  F igures  1 and 2 

t h u s  can be  explained very simply. 

/184 - b. The s p e c t r a l  composition of s c i n t i l l a t i o n  l i g h t .  

The s p e c t r a l  composition of s c i n t i l l a t i o n  l i g h t ,  as has  a l ready  been noted, 

co inc ides  with t h e  molecule spectrum. Most of t h e  s c i n t i l l a t i o n  l i g h t  (90%) i s  

vacuum u l t r a v i o l e t  ( A  < 2000 A). 

t a i n e d  i n  a noble  g a s ,  can m a k e  a s i g n i f i c a n t  con t r ibu t ion  t o  t h e  o p t i c a l  por t ion  

of t hk  sp$ctrum. 

- t o t a l  i n t e rcep t ion  o f  energy by t h e  impuri ty  (see s e c t i o n  2 f )  a t  normal pressure.  

I t  w a s  a t  t h i s  concent ra t ion  t h a t  re ference  [141 noted g r e a t  b r i l l i a n c e  of t h e i r  

l i n e s ,  but  noble  gas  molecular continuums w e r e  not noted. 

0 

Impur i t i e s  with low e x c i t a t i o n  l e v e l s ,  con- 

-4 An impuri ty  concent ra t ion  of  about 10 apparent ly  ensures  

S ince  exc i ted  molecules are formed upon t h e  recombination of  e l ec t rons  with 

ion ized  noble  g a s  molecules,  t h e  s p e c t r a l  composition of  t h e  recombination l i g h t  

co inc ides  wi th  t h e  molecule spectrum, and t h i s  has  been proven experimental ly  

C311- 

c. Deexci ta t ion t i m e  f o r  a g a s  s c i n t i l l a t o r .  A pure  g a s  can be charac- 

t e r i z e d  by i n t e n s i v e  luminescence of  noble  g a s  molecules. The rate a t  which 

t h e  molecules form i s  completely determined by g a s  pressure ,  s o  t h e  p robab i l i t y  

of t h e  in t e rcep t ion  of e x c i t a t i o n  energy by t h e  impuri ty  p r i o r  t o  t h e  formation 

of a noble  g a s  molecule w i l l  be  reduced with inc rease  i n  g a s  pressure ,  given 

t h e  same p a r t i a l  p re s su re  of t h e  impurity.  Accordingly, a g a s  can appear t o  be 

t lpure" a t  increased pressure ,  and tlcontaminated" a t  reduced pressure ,  even i f  

t h e  measurement i s  made. by' t h e  s a m e  i n s t a l l a t i o n .  In  a "pure" noble  g a s  t h e  

i m p u r i t i e s  e f f e c t  deexc i t a t ion  only  i n  t e r m s  of t h e  deexc i t a t ion  of  t h e  noble 

g a s  molecules. Thus, e x c i t a t i o n  t i m e  f o r  a g a s  s c i n t i l l a t o r  with no recom- 

b ina t ion  w i l l  be determined by t h e  t i m e  required t o  form t h e  exc i t ed  molecules, 

t h e i r  deexc i t a t ion  t i m e ,  and t h e  t i m e  required t o  d i f f u s e  p a r t  of t h e  mole- 

c u l a r  l i g h t  through t h e  g a s .  

2 
The t i m e  requi red  t o  form exc i t ed  molecules i s  propor t iona l  t o  l /n  , and 



is equa ! t o  t o  second a t  normal pressure  (see s e c t i o n  2a). The t 

requi red  t o  form helium molecules is t o  second [24] a t  pressures  
n 

. m e  

c l o s e  t o  atmospheric, and changes i n  accordance with t h e  l/n" l a w ,  whi le  t h e  

d e e x c i t a t i o n  t i m e  for t h e  He; molecule is about 

based on a s tudy  of  xenon d e e x c i t a t i o n  t i m e ,  agree with t h e  molecule deexci ta-  

t i o n  t i m e  of about loe7 second. Thus, deexc i ta t ion  t i m e  f o r  t h e  s c i n t i l l a t o r  

is determined by t h e  molecule formation time at  low pressures.  

t h e  molecule formation t i m e  can be very s h o r t  ( t h e  rise t h e  f o r  t h e  amplitude 

of a l i g h t  pu lse  i n  xenon a t  a pressure  of 10 atm is about 

dura t ion  of t h e  luminescence i s  determined by t h e  molecule deexci ta t ion  t i m e  

(approximately second). This  t i m e  w i l l  decrease somewhat with i n c r e a s e  i n  

pressure  because of i n e l a s t i c  c o l l i s i o n s .  

second. Our r e s u l t s ,  

A t  high pressures  

/185 - 
second),  and t h e  

S c i n t i l l a t o r  d e e x c i t a t i o n  w i l l  be  much more rap id  i f  on ly  t h e  o p t i c a i  por- 
0 

t i o n  of t h e  spectrum ( A  > 2000 A ) ,  is recorded because i n  such case  only  t h e  

e l e c t r o n  bremsstrahlung (about second), and t h e  l i g h t  occurr ing with trari- 

s i t i o n  of t h e  e l e c t r o n s  bebveen t h e  e x c i t a t i o n  levels f o r  t h e  atoms (approximately) 

second),  are recorded. A p a r t  o f  t h e  o p t i c a l  spectrum occurr ing during t h e  

formation of molecules can involve t h e  luminescence of t h e  s t i n t i l l a t o r  i n  

t h e  o p t i c a l  region f o r  molecule formation 

t i m e .  

wi th  an impurity with low-lying e x c i t a t i o n  

l e v e l s  i s  almost completely determined by 

t h e  r a t e  of i n t e r c e p t i o n  of  t h e  energy by 

t h e  impurity,  and can be very s h o r t  (about 

The d e e x c i t a t i o n  t i m e  f o r  a noble g a s  

secorid). Rapid d e e x c i t a t i o n  of gas  

s c i n t i l l a t o r s  has  been observed i n  [ l 3 ,  83, 
87, 9 0 3 .  

Time required f o r  t h e  recdmbination of -~ .- - Figure  3. Decay i n  t h e  number 
of e l e c t r o n s  i n  xenon i n  t e r m s  e l e c t r o n s  and ions. The Eqs. (18) - (21) of t i m e .  - 

r e a c t i o n s  t a k e  p lace  along t h e  t r a c k  of an 
The xenon (dens i ty  0.3 g/cm ) 
has  been ionized by a pulsed ion iz ing  p a r t i c l e  during t h e  formation of 

3 

~- - 
plasma (see s e c t i o n  2b, c ) ,  and t h e  r e s u l t  beam of X-rays, 

w a s  less than  1 bsec and t h e  
The pulse  width 

energy of t h e  photoelectrons w a s  
less thah  60 KeV. 

is t h e  formatiori of e x c i t e d  noble g a s  mole- 

cules .  We found t h e  number of  e l e c t r o n s  
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remaining along t h e  t r a c k  a t  any momeht i n  t i m e  by experimental  means [31] 

(Figure 3 ) .  The xenon w a s  ion ized  by X-rays with photon energy less than  60 

KeV. A s  w i l l  be seen from F igure  3 ,  i n i t i a l l y  recombination i s  q u i t e  r ap id ,  

then  i s  e x t r a o r d i n a r i l y  slow. Recombination t i m e  i s  longer  than  10 psec. There 

w a s  l i t t l e  change i n  t h e  n a t u r e  of t h e  recombination when pressure  w a s  changed 

from 10 t o  60 a t m .  The reason f o r  so l i t t l e  change i n  recombination when t h e  

gas  p re s su re  w a s  changed from 10 t o  60 a t m  r e q u i r e s  f u r t h e r  study. 

4 .  Conclusion 

So, t h e  main processes  i n  g a s  s c i n t i l l a t o r s  apparent ly  can be s a i d  t o  be: 

( a >  t h e  formation of  exc i t ed  molecules and ion ized  molecules;  

(b)  e lec t ron- ion  recombination i n  the  plasma forming along t h e  t r a c k  of 

t h e  ion iz ing  p a r t i c l e ;  

( c )  deexc i t a t ion  of  noble  g a s  atoms and molecules. 

These processes ,  as w e  have seen, expla in  t h e  p r i n c i p a l  anomalies of sc in-  

t i l l a t i o n  i n  noble  gases. It  is obvious t h a t  s tudy of t h e  processes  tak ing  

p l ace  i n  g a s  s c i n t i l l a t o r s  is very e s s e n t i a l  i f  g a s  s c i n t i l l a t i o n  counters  are 

t o  be used t o  record p a r t i c l e s .  Moreover, g a s  s c i n t i l l a t o r s  can be u s e f u l  i n  t h e  

s tudy  of t h e  processes  involved i n  t h e  c o l l i s i o n s  of e l e c t r o n s  and atoms i n  noble  

gases,  and s ince  t h e  s c i n t i l l a t i o n  of noble  elements can be observed i n  t h e  

l i q u i d  and s o l i d  phases as w e l l  [ 3 ,  49, 601, s tudy  of s c i n t i l l a t i o n  can h e l p  u s  

t o  a b e t t e r  understanding of t h e  na tu re  of t h e  electromagnet ic  i n t e r a c t i o n s  

t h a t  occur  i n  a substance.  
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